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A B S T R A C T
The coordina tion chem is t ry  of a num be r  of n i t r o - s u b s t i t u t e d  
thiazoles and n i t r o - s u b s t i t u t e d  p y r id in e  N-oxides  with a v a r i e ty  of 
a c c e p to r s  has  been in v e s t ig a t e d .  The  s to ichiometry  and s te reoc hem is t ry  
of th e  t rans i t ion  metal complexes of th e se  l igands  depend  on th e  metal,  
the  anion and the  s u b s t i t u e n t s  on th e  l igands .  The in fluence of the  
n i t r o - g r o u p  on the  bond ing  abil i t ies  of th e se  l i gands  is the  most s ign i f ican t .
In p a r t  I ,  the  p r e p a ra t io n  and  c h a ra c te r i s a t io n  of complexes of 
2-amino-5-n it ro th iazo le  (ANT) with C o ( I I ) ,  N i( I I ) ,  C u ( I I ) ,  C d ( I I ) ,  C u ( I ) ,  
and Ag(I)  a re  r e p o r t e d .  From sp ec t r a l  da ta  it is in fe r r e d  th a t  the  
complexes fall into two g r o u p s ;  those  in which ANT is bound  th r o u g h  the  
r in g  n i t r o g e n ,  and  th ose  in which the  exocyclic amine g ro u p  is bound  to 
th e  metal ion.  In the  fo rmer  g r o u p  a re  complexes ot th e  ty p e  MCI2 . L 2 
(M = Co, Ni, Cu,  C d ) ;  compounds  conta in ing  methanol ,  and  [Cu( AcO)2 .
L] 2 , CUCI.L2 , AgNOg . L 2 complexes .  In th e  l a t t e r  g ro u p  a re  complexes 
p r e p a r e d  from and con ta in ing  dimethyl formamide. A p ro to n a ted  co p p e r ( I I )  
ch lo r ide  complex of ANT is also c h a r a c t e r i s e d .  2-Bromo-5-n it ro th iazole  
and  2-chlo ro  5 -n it ro th iazo le  did not  form complexes with the  same metal 
s a l t s .
In p a r t  I I ,  the  coord ina t ing  p r o p e r t i e s  of n i t r o - s u b s t i t u t e d  
p y r id in e  N-oxides  tow ard  c o p p e r ( I I ) and  cadmium(II)  have  been in v e s t ig a ted  
The l i gands  s tu d ie d  were  4 -n i t ro  2-picoline N-oxide ,  4 -n i t ro  3-picoline 
N -oxide ,  4 -n i t ro  2 ,6 - lu t id ine  N -oxide ,  and 3 -n i t ro  2 ,6 - lu t id ine  N-oxide.  
S evera l  t y p e s  of c o p p e r ( I I )  hal ide complexes were isola ted and  c h a ra c te r i s e d .  
T hese  inc lude  (a)  low magnetic moment 1:1 complexes ,  (b )  a normal 
magnetic moment 1 : 1  complex,  (c)  d i s to r t e d  t r a n s -  and  c i s -  1 : 2  monomeric 
complexes with normal magnetic moment,  (d)  a polymeric h a l id e -b r id g e d  
1 : 2  complex with normal magnetic moment,  and (e)  a g ro s s ly  d i s to r t e d  
t r a n s - p l a n a r  1:2 complex with low magnetic moment.  Among all the  
n i t r o - s u b s t i t u t e d  py r id ine  N-ox ides  s tud ied  only 4 -n i t ro  3-picoline 
N-oxide formed a complex with c o p p e r ( I I )  a ce ta te .  Cadmium(II)  chloride 
formed two se r ies  of complexes with th e se  l i gands  ; one with th e  genera l
- 1 1 1 -
formula CdCI2 . L and the  second with the  formula CdCl2 . L 2 . I t was 
concluded  tha t  in the  p re s e n c e  of a n i t ro  s u b s t i t u e n t ,  s te r ic  fac tors  
n e a r  the  donor  si te  play a ve ry  im por tan t  role in de termin ing  the  
s t r u c t u r e  of the  complexes.
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C H A P T E R  1
THE COORDINATION CHEMISTRY OF THIAZOLES
1.1.  Introduction
The ac t iv i t ies  of many enzymes d epend  upon  the  in te rac t ion
of an imidazole o r  thiazole g ro u p  with a t rans i t ion -m eta l .  These
l igands  a re  ana logous  to thiamine whose enzymatic act ion d e p e n d s  
1 2on the  metal i o n . ’
Thiamine p y r o p h o s p h a te  is the  coenzyme fo r  a num ber  of 
biochemical r eac t ions  inc luding  th e  nonoxida tive  deca rboxyla t ion  
of a -k e to  ac ids ,  ox ida tive  deca rboxy la t ion  of a -k e t o  ac ids ,  and  
formation of a -ke to ls  ( acy lo ins ) .  A num ber  of th eo r ie s  have  been 
p u t  fo rw ard  to explain  the  cataly t ic  role of thiamine p y ro p h o s p h a te
3
in th e s e  reac t ions .  Breslow h as  p roposed  a mechanism involving  
th e  loss of the  aromatic pro ton  at  posit ion 2 of th e  thiazolium r ing  
( I ) ,  with consecu t ive  formation of a zwit ter ion  (yl ide s t r u c t u r e ) .
■••y (CH^  ) j-O- '^-O-lj-O ®
OH OH
(I)
Magnesium has  been shown to be an ac t iv a to r  fo r  enzymes 
which deca rboxy la te  a -ke to  ac ids and  which r e q u i r e  thiamine 
p y ro p h o s p h a te  as a coenzyme.  One of th e se  enzymes ,  yeas t  ca rb o x y la s e ,  
is of p a r t i c u la r  i n t e r e s t ,  s ince  it is one of the  few of the se  isolated 
as homogeneous  p ro te in  and  conta in ing  a stoichiometric  amount of the  
metal .  The pur i f i ed  enzyme con ta in s  one gram atom of magnesium
-3 -
and  one mole of thiamine p y ro p h o s p h a te  p e r  mole of p ro te in .  The 
removal  of magnesium and the  coenzyme by  d ia ly s i s , r e s u l t e d  in 
loss of ac t iv i ty ;  th e i r  readd i t ion  r e s u l t in g  in i t s  r e s to ra t ion^  The 
same enzyme was pur if ied  by o th e r s  b u t  r e p o r t e d  to contain  f ive 
gram atoms of magnesium ins tead  of one .  Addition of magnesium 
as well as  manganese ,  i ron ,  co p p e r ,  cadmium, zinc,  and  cobal t  
r e a c t iv a t e d  the  enzyme,  b u t  t r i v a le n t  metals  did not .  The thiamine 
p y r o p h o s p h a t e - d e p e n d e n t  ca rboxy lase  from h e a r t  muscle is ac t iva ted  
by  magnesium and manganese^  and  th e  p y ru v ic  acid oxidase  sys tem 
of b ra in  by magnesium^
Numerous analogues  of thiamine p y ro p h o s p h a te  a re  t e s t e d
in enzyme exper im en ts  and  then  used  fo r  the  in t e rp r e t a t i o n  of  the  
2
enzyme reac t ion .  As p a r t  of o u r  s t u d y  on model compounds  for
th e  in te rac t ion  of metal ions and  the  thiazole r in g  sys tems  in biological
p r o c e s s e s ,  we ex ten d ed  the  work to the  following thiazoles conta in ing
a n i t ro  g ro u p  at  posit ion 5: 2-amino-5-n it ro th iazo le (ANT),  2 -ch lo ro -
5-n i t ro th iazo le  (C N T ) ,  and  2-bromo-5-n it ro th ia zo le  (BNT) which
have  seve ra l  c e n t r e s  of coordina tion ,  the  cyclic n i t r o g e n ,  th e  n i t ro  g ro u p .
( * N T  ) ( C N T )
(I I)  (II I)
( 6 N T  ) 
(IV)
cyclic s u l p h u r ,  TT e lec t rons  of the  r ing  and the  exocyclic  n i t ro g e n  in 
case  of 2 -amino-5 -n it ro th iazole .
-4 -
1 . 2 .  T h iazo les
1 .2 .1 .  Natural  O ccu r rence  and Biological Activi ty
Although u n s u b s t i t u t e d  thiazole is not  found in n a t u r e ,  
n a tu ra l ly  occur r ing  thiazoles a re  num erous .  T h e i r  orig in  has  been 
r e la ted  to the  cyclization of a pep t ide  chain  at  a cy s te ine  re s id u e  
with formation of a thiazoline r ing  and  the nce  by d eh y d ro g en a t io n  
of a thiazole r in g .
R -  NH-C - C H -  NH -  C -  R " " g O  R -  NH-C —  ÇH--------N
8 CH, - SH 8 0
HC. ^C-R
The p re s en ce  of kinase  p h o sp h o ry la t in g  4-methyl-5-(B -
7
h y d ro x y e th y l ) th ia z o le  has  been  d em o n s t r a ted  in b r e w e r ' s  y e a s t .
This  ac t iv i ty  has  been  se p a ra t e d  from pyr imid ine  k inase  and  thiamine 
py ro p h o sp h o k in ase  act ivi t ies  by ammonium su lp h a te  f rac t ionat ion  followed 
by  c h rom a tog raphy  on DEAE cellulose columns.  Added Mg^^ is 
r e q u i r e d  fo r  ac t iv i ty .  The p ro d u c t  of th e  reac t ion  has  been  ident if ied  
an d  shown to be an in termedia te  in thiamine p h o s p h a te  s y n th e s i s .
Several  an t ib io t ic s ,  such  as  al thiomycine^ and  micrococcin?*
conta in a thiazole r i n g ,  as do many metabolic p ro d u c t s  of l iving  organisms}^
t o m a t o , c o f f e e , r o a s t e d  p e a n u t s , t h e  basic f rac t ion
17of Scotch whisky and  Jamaica rum and so on .  Thiazoles have
18also been  sep a ra t e d  from n i t rogen  b ases  of some pe t ro leums .
The pharmaceut ical  p ro p e r t i e s  of 2 -amino-5-n it ro th iazoIe  and
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the  re la ted  compounds  have  been te s ted^^  T hus  2-amino-5-n it ro th iazole
0.07% in d r in k in g  wate r  and 0.05% in feed ,  given to domestic cockere ls  
at  the  appea rance  of te ra tomas  induced  by  in t r a t e s t i c u l a r  inject ions  
of ZnCl^,  r e t a r d e d  tumor  g row th .  Severa l  Pt^^ complexes of thiazole 
d e r iv a t iv e s  a re  found to be potent ia l  an t i tum our  d r u g s , The
herb ic ida l  and g ro w th - re g u la t in g  ac t iv i ty  of some metal complex 
compounds  of thiazole d e r iv a t iv e s  have  been  t e s t e d .  The aminothiazole 
complexes CdL^X^ (X = B r ,  Cl) ,  NiL^Cl^ and Cd L^X^ (X = B r ,  I ,  SCN) 
showed herb ic ida l  ac t iv i ty
1 .2 .2 .  Theore t ical  Trea tm ent
Among the  pentaatomic heterocycl ic  r i n g s ,  thiazole is one 
of the  most in tens ive ly  in v e s t ig a ted ,  and  i t s  chem is t ry  maintains 
s tead i ly  i ts in tens ive  development.
Various theore t ica l  t r ea tm e n ts  pub l i shed  on the  thiazole molecule 
have  shown some common t r e n d s  in the  e lect ronic p ro p e r t i e s  of th is  
molecule.
1. In all cases the  tt n e t  c h a rg e  of s u l p h u r  is pos i t ive ,
32 33w hereas  i ts a net  c h a rg e  is sometimes pos i t ive ’ and  sometimes
ne g a t iv e . ^ ^ '^ ^  The a l l- e lec trons  methods ,  like ab  ini tio,  give a pos i t ive
to tal  n e t  c h a rg e  with the  except ion of CNDO/2 method for  which it
_ 36IS n ega t ive .
2. In all cases  the  total  ne t  c h a rg e  of n i t rogen  is negat ive .
37In only one PPP calculation it is s l igh t ly  pos i t ive.
3. From the  o ne t  ch a rg e  the  t h r e e  h y d ro g e n  atoms have  
d ec re as in g  acidi ty in the  o r d e r  H-2 ^ H-5 > H-4.
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4. The di scuss ion  of the  w -bond  o r d e r  is in t e r e s t in g  because
it g ives  a p ic tu re  of the  d i s t r ibu t ion  of the  t t  -e le c t rons  along the  o
frame of the  r ing  a n d ,  th e re fo re ,  of i ts a romatic i ty ,  which can be
accoun ted  for  by  n . m . r .  and ul trav io le t  s p e c t ro s c o p y .  The HMO
re s u l t s  can be d iv i d e d  into two g ro u p s ,  the  ones  giving thiazole
13 15 38a s l igh t ly  aromatic c h a r a c t e r ,  ’ ’ whereas  the  o th e rs  a re  ind icat ive
of a more dienic s t r u c t u r e ? ^ ' ^ ^
M.O. Huckel 's  calculat ions done for  the  thiazoles s tud ied  
in th i s  work ,  a re  given in the following tab le .  No relat ion is e s tab l i shed  
be tween the  basici t ies  of the  donor  g ro u p s  and  the  w electronic
c h a r g e s .30
Table 1
Resu l t s  of M.O. Huckel 's  calculat ions for  the  thiazoles
S ubs tance QN(  ^ N) QN(-NH 2 ) QS( > S)
2-bromo-5-n it ro th iazo le 1.1864 1.8421
2 -amino-5 -n it ro th iazole 1.2402 1.9312 1.8498
2 -aminothiazole 1.2860 1.9319 1.9371
34Recently  Lali tha et  ^  calculated c h a rg e  d e n s i ty  d i s t r i b u t io n s  
in a num ber  of 2 -  and  5 - s u b s t i t u t e d  thiazoles ( inc lud ing ,  2 -amino- 
th iazo le ,  2-bromothiazole,  and 2-chloroth iazole)  by  us ing  the  Huckel  
LCAO MO method for  th e  calculation of ir c h a rg e s  and i ts  c o u n t e r ­
p a r t  Del Re method fo r  the  calculation of a c h a r g e s .  The total 
c h a rg e  d en s i ty  on an atom was obta ined  by add ing  t t  and  o-  c h a rg e s  
on th e  atom. The ch a rg e  d en s i ty  d i s t r i b u t io n s  ob ta ined  for  the  2- 
and  5 - s u b s t i t u t e d  thiazoles a re  cor re la ted  with the  pKa va lues  of 
th e se  compounds ,  and indicate  th a t  in all cases  the  ( tt + a ) c h a rg e
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d e n s i ty  at  N-3 of the  thiazole r ing  is the  h ig h e s t  (Table 2) .  The 
r e s u l t s  obta ined  seem to be in v e ry  good agreement with o th e r  
exper imenta l  r e s u l t s , a n d  a re  c o n t ra d ic to ry  to the r e s u l t s  ob ta ined  
by Doadrio e^ a l . for  2-aminothiazole which p red ic t  a h ig h e r  
el ec tron  d e n s i ty  at  -N H 2 n i t rogen  than  at  the  r ing  n i t rogen .
T a b l e  2
TT-Charges, a - C h a r g e s  and Total Charge  
Densities at  Various Posit ions of 2-Aminothiazole,  
2-Bromothiazole,  and 2-Chlorothiazole with th e i r  pKa Values
Po s i t i on C h a rg e D e n s i t y
TT-charge a - c h a r g e Total PK%
2- Aminothiazole
+0 .693 - 0 . 0 3 5 +0 .658
^2
- 0 . 0 5 5 +0 .176 +0. 121
N - 0 . 3 7 5 - 0 . 2 9 6 - 0 . 6 7 1
c , - 0 . 1 4 7 +0.109 - 0 . 0 3 8 + 5 .32
C 5 - 0 . 1 8 8 - 0 . 0 3 5 - 0 . 2 2 3
+0 .072 - 0 . 5 9 1 - 0 . 5 1 9
2-C h lo ro th ia zo le
S j +0.74 9 - 0 . 0 2 9 +0 .720
^2
- 0 . 1 1 4 +0 .179 +0 .065
N 3 - 0 . 3 3 5 - 0 . 2 5 9 - 0 . 5 9 4
C4 - 0 . 1 3 5 +0 .104 - 0 . 0 3 1 - 0 . 7 5
C 5 - 0 . 1 7 8 +0 .066 - 0 . 112
+0 .013 - 0 . 1 2 5 - 0 . 122
2-B rom oth ia zo le
S i +0.753 - 0 . 0 2 6 +0.727
4 - 0 . 1 2 0
+0.171 +0.051
N 3 - 0 . 3 3 2 - 0 . 2 6 2 - 0 . 5 9 4
<=4
- 0 . 1 3 4 +0 .116 - 0 . 0 1 8 - 0 . 8 6
Cc - 0 . 1 7 7 +0.027 - 0 . 1 5 0
+0 . 010 - 0 . 1 0 5 - 0 . 0 9 5
1 .2 .3 .  Correla t ions  and  Genera l i sa t ions
The electr ical  e f fec ts  of s u b s t i t u e n t s  bonded to he terocycli c
4 1 4 2  4 3sys tem s  which contain an a z a -g ro u p  (p y r id in e ,  ’ imidazole,
and  r e la ted  de r iva t ive s )  have  been  ex tens ive ly  inv e s t ig a t e d .  Consi­
d e ra b l e  in t e r e s t  has  been shown in s u b s t i t u e n t s  bonded in the  a 
posi t ion with r e s p e c t  to the  ' a za -g ro u p '  and a t tempts  to de r ive
an 'o r tho '  pola r  effect  from the  pKa va lues  of the se  s u b s t r a t e s
44have  been  ca r r ied  ou t .  Forlani  et  al.  have  de termined  the  pKa 
va lues  of a number  of 2- and  5 - s u b s t i t u t e d  thiazoles and have  
found  th a t  pKa. is v e ry  sens i t ive  to change s  of s u b s t i t u e n t ,  
and  th a t  for  2- and 5 - s u b s t i t u t e d  thiazoles (as well as  for  2- 
s u b s t i t u t e d  py r id ines  or  imidazoles) the  bes t  corre la t ion  between  
pKa and  a values is th a t  ob ta ined  by  us ing  va lues ,  o j ,
°p and  o ^  giving unaccep tab le  co r re la t ions .  The same g roup  
has  found  th a t  the  only deviat ions  from l inear i ty  o b s e rv e d  in the  
plot  of  pKa values  of 2 - s u b s t i t u t e d  thiazoles v e r s u s  values  
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F ig . 1. Plot of pKa values  of 2 - s u b s t i t u t e d  
thiazoles v e r s u s  cr ^  va lues .
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concluded  tha t  only in the case of the se  t h r e e  s u b s t i t u e n t s  s t r o n g  
mesomeric e f fec ts  a re  im por tan t ,  and th a t  the  use  of values  for  
o th e r  g ro u p s  indica tes  tha t  the  sys tem cons ide red  is more sens i t ive  
to induc t ive  than  mesomeric e f fec t s .  S ter ic  e f fec t s  a p p e a r  to be 
a b s e n t .
The s t ro n g  elec tron withdrawing abi l i ty of NO2 when it 
is bonded  to thiazole r ing  is manifested in the  reac t ion of 5 - s u b s t i t u t e d  
2 -ha logenothiazo les  with sodium thiophenoxide.^^ It  is o b s e rv ed  th a t ,  
in c o n t r a s t  with 6 -membered cyclic aromatic d e r iv a t iv e s ,  n i t ro -ac t iva t ion  
in th e  f ive-membered r ing  is much more ef f ic ien t  than  aza-ac t iva t ion  
for  nucleophil ic  aromatic subs t i tu t ion  of 2 - ch lo ro th iaz o le s , because  
the  n i t r o - s u b s t i t u e n t ,  if p r e s e n t  in a con juga ted  pos i t ion,  ef fect ively  
removes  negat ive  ch a rg e  from the r in g .
The ex i s tence  of tautomeric amino and imino forms in aminothiazoles
is in v e s t ig a t e d  by many w o rk e r s .  I t  has  been s h o w n t h a t  the
aromatic amino form is predominan t  for  the l a rge  majori ty of 2 -amino-
4
th iazo le s .  A tautomeric cons tan t  K % = 2 x 10 for  p rocess  (a)  is
ca lcu la ted  for  aminothiazole i t se lf .  This  value was est imated by 
t a k ing  as a model for  the  imino form, 2-imino-3-methylthiazole  which
^ T
imino NH .   ami no
form /  I / /   ^ form
(a)
has  a pKa 9 .6 ,  much h ig h e r  th an  tha t  of 2-aminothiazole.  However
the  in t roduc t ion  of a methyl g roup  for  a h y d r o g e n  on the  endocyclic
n i t ro g en  could effec t  the  o b s e rv e d  pKa value of the  model compound
47
In conformational  s tud ie s  by dynamic n . m . r .  Forlani  ^  have
d e tec te d  a r e s t r i c t e d  ro ta t ion  in 2-NN-dimethylaminothiazole , 5- 
bromo-  and  5 - n i t r o - 2 -NN-dimethylaminothiazole.  The n . m . r .  s ignal  
( s in g l e t ) ,  c o r re s p o n d in g  to the  pa i rs  of methyls  in 2 -NN-dimethyl -
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aminothiazole, 5-bromo- and  5-n it ro -2-N N -dimethy l th iazo le  tha t
a re  i sochronous  at  room te m p e ra tu r e  is r e v e r s ib l y  spl i t  into two
equ iva len t  l ines re s u l t in g  from the  r e s t r i c t e d  ro ta t ion  a ro u n d  the
Ar -  N bond and  is a sc r ib e d  to the  re la t ive ly  la rge  con t r ibu t ion
to th e  double bond c h a r a c t e r  from re s o n an ce  c o n t r i b u t o r s , such
as (V) and  (VI) to s t r u c t u r e  (VII) .  Based upon measured  f ree  ene rg ies
of ac t iva t ion ( AG*) at  the coalescence te m p e ra tu r e  the a u t h o r s
s u g g e s t  tha t  the  elec tron  w ithdrawing  capabil i ty  of a n i t ro  g ro u p
in th e  pa ra - l ike  posi t ion-5 g rea t ly  en h an c es  the  Ar -  N double
bond  c h a r a c t e r  (more th an  50%).
Me /Me
. X .  —  —
(V) (VI) (VII)
X - ra y  c ry s ta l log raph ic  da ta  pub l i shed  recen tly^^  del inea te  
a r e la t ive ly  s h o r t  C - (2 )  -  N(amino) bond  l e n g th  (1.330 A )  in 2- 
aminothiazole,  indica t ing  th a t  the  exocyclic n i t rogen  has  sp^ 
hyb r id iza t ion  and  t h e r e  is s ignif icant  delocalisat ion of th e  t t  system 
to inc lude  the  amino n i t ro g en .
The electr ical  e f fec ts  a r i s ing  from 5 - s u b s t i tu t io n  in 2-amino-
thiazole is s tud ie d  by  determin ing  thermodynamic pKa va lues ,  in
w a te r  at  25°C, of a num ber  of 5 - s u b s t i t u t e d  2-aminothiazoles and
442-NN-dimethylaminothiazoles.  Comparison of the  pKa values  of 
5-X-aminothiazoles  (X = H, Me, OMe, Ph,  SPh,  Cl, B r ,  S O jP h ,  NOj) 
with th e  pKa values of the  c o r re s p o n d in g  5-X-2-NN-dimethylamino-  
th iazoles  has  allowed th e  a u th o r s  to ass ign  the  aromatic amino form 
to all 2 -aminothiazole d e r iv a t iv e s .  The Hammett plot of pKa values  
a g a in s t  o^ e ta  s u b s t i t u e n t  co n s tan t  is l inear  as  r e q u i r e d  if the  
pro tonat ion  c e n t r e  is the  endocyclic  n i t rogen  in all case s .  It is o b s e rv e d  
th a t  c ro s s -con juga t ion  between the  amino g ro u p  in pos i t ion - 2  and  
the  s u b s t i t u e n t  in pos i t ion-5  is p r e s e n t  only when the  n i t ro  g ro u p  
is the  s u b s t i t u e n t .  The combined ef fec ts  of the  s u b s t i t u e n t  in 
pos i t ion - 5  and  the  amino g ro u p  are  add i t ive  in all o th e r  compounds.
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The conc lusions  a r r i v e d  at  by  us ing  thermodynamic  da ta  a re  f u r t h e r  
s u p p o r t e d  by  H n . m . r .  s tu d ie s  on the  elect ronic ef fec ts  of s u b s t i ­
t u e n t s  bonded  to posit ion 4-  and  5- of 2-aminothiazole.^^ It  is 
noticed  th a t  the  6 ^ ^  values  could be re la ted  to o ^  and o (as 
a p p ro p r ia t e )  values  by  Hammett plots  and  the  b es t  fit is obta ined  
when the  o values  a re  u s e d .  The conjugative  in terac t ion  between 
the  e lec t ro n -w i th d ra w in g  g ro u p s  in posi t ion 5 and  the  amino g ro u p  
in posit ion 2 , is d ed u ce d  from the  fac t  th a t  an accep table corre la t ion  
ex i s t s  between values  and  chemical sh if t  values  of the  p ro tons
bonded  in posit ion 4 fo r  5 - s u b s t i t u t e d  2-aminothiazoles ( 5 - s u b s t i ­
tu e n t :  H, CH3 , C^H^, Cl. S-C^H^,  SO^-C^H^, COOC^H^, NO^).
The p reva lence  of the  amino form r a t h e r  than  imino form is deduced  
from the  r e g u l a r i t y  of the  s u b s t i t u e n t  e f f e c t , when changed  from 
e le c t ro n -d o n o r  to e l e c t ro n -a c c e p to r  g ro u p s .
13The I . R . ,  U . V . ,  and  C n . m . r .  s p e c t r a  of many thiazoles
52-54 52are  s tu d ie d  in de ta i l .  Depeshko et  al. have  s tud ied  the
U.V. s p e c t r a  of a num b e r  of 2 - s u b s t i t u t e d  5 -n i t ro th iaz o le s , including
2-amino-5-n i t ro th iazo le ,  and  o b s e rv e d  th a t  all the  2 - s u b s t i t u t e d
5-n i t ro th iazo les  r e t a in e d  the  U.V .  peaks  of u n s u b s t i t u t e d  thiazole
and exh ib i ted  o th e r s  r e s u l t i n g  from in te rac t ion  of the  s u b s t i t u e n t s
with th e  TT sys tem of th e  r i n g .  In co n c e n t r a te d  H^SO^ The con juga te
acids a re  fo rmed ,  and  in NaOH solut ion th e y  ex is t  as  the  a c i -n i t ro  sal ts
Comparison of  the  X - r a y  c ry s ta l lo g rap h ic  da ta  pub l i shed  up
to da te  for  (2) th iazo le ,  (3) 2-aminothiazole,  (4) 2 -am ino -4 -pheny l-
thiazole hydrobrom ide  m onohydra te ,  (5) 2-methy laminobenzo th iazo le ,
51 55-58( 6 ) 2-amino 4 , 5 - d ih y d ro  7 , 8 -d im ethoxy  [1 .2 -d ]  naph tho lth iazo le ,  ’
ind ica te s  th a t  the  thiazole r in g  is v e r y  l ittle modified due  to the
ef fec t  of s u b s t i tu t io n .  Only w hen ,  su b s t i tu t io n  is on the  endocyclic
n i t rogen  is t h e re  a sys tematic  var ia t ion  in the  bond l e n g th s  and
59-64bond angles  in the  thiazole r i n g .
80
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1 . 2 . 4. Coordination Complexes
Severa l  s tud ie s  have  been car r ied  out  involving metal (II )
complexes of simple and su b s t i tu t e d  th iazo le s . It has been
found th a t  ’ s u b s t i t u e n t s  in 2- ,  4- and 5-posi t ions modify
the sto ichiometries  and s te reochemis t r ie s  of the  complexes of coba l t ( I I
n ic k e l ( II ),  and c o p p e r ( I I ) .  X -ray  crys ta l log raph ic  da ta  indicate
81th a t  the  s t r u c t u r e  of dichlorobis  ( thiazole) copper  (II)  cons is ts  of
inf in i te  cha ins  of doubly ch lo r ide -b r idged  copp e r ( I I )  ions,  while
82bis (d ib rom obis (4-m ethy l th iazo le )copper ( I I  ) ] is dimeric,  with
te t r a g o n a l -p y ra m id a l  geometry at each copper  c e n t r e ,  and t r a n s -
83d ic h lo ro b i s ( 2 , 4 -d im ethy l th iazo le )copper( I I  ) is squa re  p lanar  and  
monomer ic .
Thiazole has both n i t rogen  and s u lp h u r  as possible donor  
s i t e s ,  and  whereas  the majority of complexes have been found to 
be n i t ro g e n  bonded ,  a case of s u lp h u r  coordination has been r e p o r t e d .  
Thiazole forms complexes of the form [M(t)^] (CIO^)^ where M = Ni,
Co o r  Zn;^^  MX^^ft)^ complexes where M = Co, X = Br ,  I o r
NCS; M = Ni, X = Cl, B r ,  I,  NCS o r  CIO ; M = Cu o r  Zn, X =
65NO^ o r  CIO^ and complexes of the  form MX^.ft )^  where M =
Co, X = B r ,  I ,  o r  NCS; M = Ni X = Cl Br ,  I ,  NCS o r  CIO^; M 
= Cu,  X = Cl or  Br;  M = Zn, X = Cl, Br o r  I and MX^. ( t)  where
M = Co, X =C1 or  Br and M = Cu,  X = Cl. With the  exception of
C0 I 2 . ( t  ) and  CuCl j  . (1)2 and possibly Zn(ClO^) ( t ) ^ ,  all the  o th e r  
complexes a re  six coordina te  in the  solid s ta t e ,  b r idg ing  tak ing  place 
when n e c e s s a r y .  Polymeric oc tahedra l  s t r u c t u r e s  have been as s ig n ed  
to all MX^. ( t ) ^  complexes . The s t r u c t u r e ,  which cons is t s  of infini te  
cha ins  of doub ly  ha logen -b r idged  metal(II)  ions,  is reminiscent  of 
those  of the  pyr id ine  analogues ,  and is confirmed by th ree -d im ens iona l  
x - r a y  s t r u c t u r e  ana lysis  of the d ich lo rob is ( th iazo le )copper ( I I  ) complex.
It is worthwhile to cons ider  the coordination chem is t ry  of 
2 -aminothiazole and 2 -bromothiazole in some deta i l ,  as  they a re  the 
s u b s t i t u t e d  thiazoles which are  bes t  rela ted  to 2 -amino-5-n i t ro -  
th iazo le ,  and 2 -b ro m o - 5 -n i t ro th ia z o le , which are  the  subjec t  of s tu d y  
in the  p r e s e n t  work.
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It is noticed  th a t  2 -aminothiazole forms (-NH2 ) g roup
coordina tion for  metal ions like Sn(IV)  and  T i ( IV ) . ^ ^ '^ ^  The
si tua t ion  is not  as  c l e a r - c u t  for  n ic k e l ( I I ) ,  C o ( I I ) ,  and  Cu(I I )  where
both  r ing  n i t rogen  and  amino n i t ro g en  coordina tion is s u g g e s te d
by var ious  a u t h o r s . R e c e n t  x - r a y  s t u d y  on d ich lo robis (2-amino-  
84th ia z o le )c o b a l t ( I I ) ind ica ted  th a t  coordina tion is t h r o u g h  r ing
n i t ro g e n .  The cobalt  atom lies on a twofold axis  and is t e t r a h e d ra l ly
o
coord ina ted  to th e  Cl atoms (Co -  Cl 2.261 A) and  to the he terocycli c
o
N atoms in the  thiazole r in g s  (Co -  N 2.010A) The amino g ro u p s  
of the  l igands  form both  i n t r a -  and  in termolecula r  h y d ro g e n  bonds  
to the  Cl atoms.
Some of the stoichiometr ies r e p o r t e d  fo r  var ious  f i r s t  row 
t r ans i t ion  metal ions with 2-aminothiazole a re  as follows: CoX^. ( AMT
(X = Cl, B r ) ;  CoX^. (AMT)^,  (X = Cl, B r ,  1)1^ NiXg.fAMT)^
(X = Cl, B r ,  I ,  NCS, CIO,,  O A c ) ;^ ^ ' ? ^  ( ( AMT ) , )  INK AMT ) (CLO,
7 A  A R  7 A c.
NiCl^ .(AMT); ° CuX^ . (AMT)^,  (X = Cl, B r ,  OAc)*° '  and  Cu-
X^. (AMT)g,  (X = Cl, B r ) . ^ ^  I t  has  been r e p o r t e d  th a t  the  complexes
of Co(II)  hav ing  sto ichiometry  CoX^.L^ (X = Cl, B r ,  I) have d i s to r t e d
t e t r a h e d r a l  s t r u c t u r e s ,  while the  co r re s p o n d in g  c o p p e r ( I I )  complexes
72 76have  polymeric t e t r ag o n a l  s t r u c t u r e s .  ’ B r idg ing  AMT is r e p o r te d  
only in NiClg. (AMT ), which is ass igned  an oc tahed ra l  s t r u c t u r e .
Complexes of 2 -aminobenzothiazole ( a b t )  of the  ty p e  
M(abt)^Xg (M = Co, X = Cl, B r ,  I o r  NCS; M = Ni, X = Br)  a re  
p s e u d o te t r a h e d r a l .  In complexes M (a b t ) 2 X2 (M = Co o r  Ni, X 
= OAc o r  NOg ) the  metal ion is in a s ix coord ina ted  env i ronm en t  
as it is in N i (ab t )C l 2 . ZH^O. N i ( a b t ) 2 X2 e x i s t s  as  bo th  blue p s e u d o ­
t e t r a h e d r a l  and  yellow te t ragona l  isomers when X = Cl and  as a 
p la n a r  complex when X = I .  Excep t  fo r  th e  yellow form of N i ( a b t ) 2 Cl2
in which the  donor  c e n t r e  a p p e a r s  to be the  am ino -g roup ,  coordina tion
85takes  place th r o u g h  the  r ing  n i t rogen  atom.
2-Bromothiazole forms complexes with Co(II)  and  C u ( I I ) ,
and  has  low af f in i ty  fo r  n ic k e l ( I I ) .  The only stoichiometry  r e p o r t e d
for  th e se  complexes is ML,^X^ (X = Cl, B r ) ,  and they  exh ib it  similar
76b e h a v io u r  to AMT complexes of the  same stoich iometry .
The only t rans i t ion  metal complexes r e p o r t e d  for  2-bromo-
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5-n i t ro th iazole  and  2 -amino-5-n it ro th iazo le  a r e  with P t ( I I ) .  In P t fL ^ ) -  
where  X = Cl,  B r  and  L = 2-bromo-5-n it ro th ia zo loe ,  it is s u g g e s te d  
t h a t  coordina tion is t h r o u g h  the  r ing  n i t r o g e n ,  and th a t  coordination 
is t h r o u g h  the  am in o-n i t rogen  in th e  case  of 2-amino-5-nitro th iazo le .
The l igand ,  2-amino-5-n it ro th iazo le  (ANT) is ex tens ive ly  
used  in the  p r e p a ra t io n  of azo d y e s .  The azo dye  (VIII) dyes  nickel-  
contain ing  po lypropy lene  f ib e r s  l igh t  f a s t  o r a n g e  shades  (R = 




{ R = Ci_^ a 1 ky 1 , P h C H g, Ph )
photometr ic  de tect ion of C u( I I )  ion without  in t e r f e r e n c e  from many 
87o th e r  ions.
0. N
(IX)
Coordination of thiazoles to t r an s i t io n  metals  has  litt le effect  
on the  geometry of th e  r i n g .  Comparison of the  bond d is tances  
l i s ted  in tables  3 and  4 for  thiazole,  d i c h lo ro b i s ( th i a z o le ) c o p p e r ( I I ),  
and  2 -aminothiazole,^^ d ic h lo rob is ( 2 -amino th iazo le )copper (  1 1 )^^ 
r e s p e c t iv e ly ,  s u g g e s t s  th a t  while the  ef fec t  of coordina tion on 
the  geometry  of thiazole is v e r y  ins ign i f ican t  ( e x c e p t  for  the  S ( l )  - 
C(2) bond d i s t a n c e )  t h e r e  i s  a s l ight  dec re a se  in the  S ( l )  -  C (2 ) ,  
C(5) -  S ( l ) ,  and a s l igh t  in c rease  in C(4)  -  C (5 ) ,  C(2) - N (3) ,
C(2) -  N(6 ) ,  and  N(3) -  C(4)  bond d i s ta n ces  in d ich lo rob is ( 2-amino­
thiazole )copper(  II ) when compared with the  c o r re s p o n d in g  values 
in 2 -aminothiazole.
-15-
Table 3. Bond d i s ta n ces  ( A ) in (a) thiazole 
and (b )  d i c h lo ro b i s ( th i a z o l e ) c o p p e r ( I I ) .
(X) (XI)
Thiazole Dichlorob is (th iazole )copper ( I I  )
S ( l )  -  C(2) 1.722* S ( l )  -  C(2) 1.694
C(2)  -  N(3) 1.304 C(2)  -  N(3) 1.301
N(3) -  C(4) 1.372 N(3) -  C(4) 1.365
C(4) -  C(5) 1.367 C(4) -  C(5) 1.358
C(5) -  S ( l ) 1.713 C(5) -  S ( l ) 1.700
Table 4. Bond d is tances
o
( A ) in (c) 2-aminothiazole






2 -Aminothiazole Dichlorobis( 2-aminothiazoIe ) c o p p e r ( II )
S ( l ) -  C(2) 1.74* S ( l ) -  C(2) 1.713
C(2) -  N(3) 1.31 * C(2) -  N(3) 1.324
N(3) -  C(4) 1.39* N(3) -  C(4) 1.400
C(4) -  C(5) 1.31 C(4) -  C(5) 1.328
C(5) -  S ( l ) 1 .73* C(5) -  S ( l ) 1.713
C(2) -  N ( 6 ) 1.330 C(2) -  N ( 6 ) 1.341
Means ave rage  bond d i s tance .
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C H A P T E R  2
EXPERIMENTAL PROCEDURES
2.1 .  Materials and Manipulation
Reagent  g rad e  so lvents  and metal sal t s  were used without
f u r t h e r  puri f ica t ion .  Ni(NCS )2  was ob ta ined  by dissolving nickel  (II )
ca rbona te  in thiocyanic  acid.  CuCl( I )  was p r e p a re d  by the  addit ion
of CuClg to a solut ion of a n h y d r o u s  sodium su lph i t e ,  as desc r ibed  in
re f .  8 8 . 2 -ch loro-5-n i t ro th iazo le  was p r e p a r e d  by  a Sandmeyer
89 90reac tion from 2 -am ino-5 -n i t ro th iazo le . ’ 2 -am ino-5-n i t ro th iazo le ,
and 2-bromo-5-nit ro th iazole  (Aldr ich  Chemicals) ,  were used a f t e r  
crys ta l l izat ion from methanol
With the  exception of CuCl^.  (HANT ) 2  and [Cu( AcO ) 2 . ( ANT) ] 2 
all the  o th e r  complexes were v e ry  sens i t ive  to a i r  and moisture .  
Accordingly ,  exper iments  were ca r r i ed  out  in a l l-g lass  a p p a ra tu s  
u n d e r  an a tmosphere  of h igh  p u r i t y  n i t ro g en .  Before u se ,  all 
a p p a r a tu s  was evacua ted  and filled with n i t r o g e n ,  and  the  p ro c e d u re  
was r ep ea ted  severa l  times.
2 .2 .  Physical  Measurements
I n f r a r e d  absorp t ion  s p e c t r a  were obta ined  on a Perk in-E lmer
457 in s t ru m en t  us ing  samples in a nujol mull between NaCl p la tes
o r  as KBr pel le ts .  Electronic s p e c t r a  in ace tone ,  DMF, MeOH, were
r e c o rd e d  on a PE 124 in s t ru m en t .  Reflectance s p e c t r a  in the  r a n g e  
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4000 -  45000 cm were  obta ined  with an S .P .  700 in s t ru m e n t .  
Magnetic measurements  were made ove r  the  t e m p era tu re  ra n g e  90K - 
363K on a Newport  In s t ru m e n t  Gouy balance.  Replicate de termina tions  
were made in most cases  on sep a ra te ly  p r e p a re d  samples.  The Gouy 
tube  was ca l ib ra ted  with HgCo(NCS)^ ( takingXg as 16.44 x 10   ^
c . g . s . u .  at  20°C).  The cal ibrat ion was checked  by measur ing  the 
suscep t ib i l i ty  of N i ( e n ) 3 S 2O3 fo r  which a value ofXg equal  to
11.02 X 10 ^ c . g . s . u .  was ob ta ined .  Correc t ions  for  the  diamagnetic
- m -
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2 .4 .  P repa ra t ion  of Complexes
NiClz.CANT)^; NiBr^ . ( ANT ) 3 (MeOH )  ^; Ni(NCS)  ^. ( ANT ) 2 - 
(MeOH)2 ; CuCl2 . ( ANT ) 2 ; CdCl2 . ( ANT ) 2 .
These  complexes were p rep a red  by t r ea t in g  a co n ce n t r a te d  
solut ion of 2 -amino-5-nit  rot hiazole ( 0 . 0 1  mole) in methanol  with methano- 
lic solut ions  of the metal sa l ts  (0.01 mole). The r e s u l t an t  complexes 
were f i l te red  off warm, washed twice with methanol and  dr ied  in 
vacuo at 60°C. Changing metal to l igand rat io did not affect the 
composition of these  complexes.
C0 CI2 . ( ANT )2 : A concen t ra ted  solution of C0 CI2 . 6 H2 O (0.01 mole)
in methanol  at 60°C was t r e a te d  with a methanolic solut ion of ANT 
(0.01 mole).  The r e su l t an t  green  solution was evapo ra ted  at 40°C 
to ca.  one t h i r d ,  the  yellow prec ip i ta te  f i l tered  off when warm, 
washed  with methanol (ca.  20ml) and dr ied  in vacuo at 50°C. When 
the  solut ion conta ining the  complex was cooled to 0°C to enhance  
p rec ip i ta t ion ,  the  f ree  l igand was obta ined .
C0 CI2 . ( ANT) 2 (MeOH) 2 : A solution of C0 CI2 (0.01 mole in 2 0  ml
methanol)  was slowly added  to a s t i r r e d  solution of 2 -am ino-5 -n i t ro -  
thiazole (0.03 mole in 100 ml methanol)  at 60°C. A p ink  p rec ip i ta te  
formed which was f i l te red  off,  washed in methanol and  d r ied  in 
vacuo at 60°C.
CuSO^(ANT)(DMF);  CuCl;  . ( ANT) (DMF) ; NiSO^. ( ANT) 2 ( DMF )2  ; 
4CoSO^. ( A N T ) 2 (DMF)2 : NiClz . ( ANT ) 2 ( DMF ) 2 .
Warm concen t ra ted  solut ions of metal sal ts  in DMF were added  
to s t i r r e d  concen t ra ted  solut ions of ANT in DMF at 40°C. The p r e ­
c ip i ta tes  were f i l tered off ,  washed with 2 port ions  of methanol ,  and  
d r ied  in vacuo at 80°C. Metal to ligand rat io was always 1:1.  Inc reas ing  
the  l igand to metal rat io to four  times in the p rep a ra t io n  of c o p p e r  
complexes ,  gave always the  same p roduc t .
N i (N C S ) 2 . (A N T ) 2 (MeOH): This  complex was ob ta ined  in the  tu b e
used  for  magnetic measurement du r in g  the  course  of the  exper im en t .
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The tube  was filled with Ni(NCS) 2«( ANT )  ^(MeOH )  ^, hea ted  
to 363 K subjec ted  to two d i f fe ren t  magnetic f ields,  as p rev ious ly  
men tioned ,  the  te m pera tu re  was lowered at  2 0  K in te rva l s  to 100 K 
At th e  end of the  exper iment  a change  in colour from brown to g reen  
was o b s e r v e d .  The I . R . ,  visible sp e c t r a  and analyt ical  analysi s  
in d ica ted  th a t  the  complex is Ni(NCS)  ^. (ANT )  ^(MeOH ).  Attempts 
to p r e p a r e  th is  complex by prolonged hea t ing  at  363 K or  cooling 
at  l iquid n i t rogen  te m pera tu re  were not suces s fu l .  Prolonged 
e x p o s u r e  to d i f fe ren t  magnetic f ields at  363 K or  at  100 K did not  
a f f ec t  the  composition of Ni(NCS)2 . (A N T ) 2 (MeOH)z. The loss of 
one molecule of Methanol took place only u n d e r  the  experimental  
condit ions  desc r ibed  above.
Cu( AcO ) 2 . (ANT ) ; Cu( AcOjz .HgO was p r e p a r e d  by add ing  cop p e r  
powder  to a solution consis t ing  of 50% glacial acet ic  acid and 50% H2O 2 
at  100°C. When the solution was d a r k  blue ,  it was f i l te red  to get  
r id  of any  u n reac ted  copper  powder  and  the  volume was red u ce d  unti l  
c rys ta l l i za t ion  s t a r t e d .  Elemental analysis  for  C, H, N, and  I . R .  
s p e c t r a  indicated  tha t  the  d a rk  blue c ry s ta l s  a re  Cu( AcO)2 . H2O.
When ANT was added  to the d a r k  blue solut ion,  s t i r r e d  at  60°C , 
the  solut ion t u r n e d  g reen .  The g reen  c ry s ta l s  of Cu( AcO ) 2 . ( ANT) 
p r ec ip i ta ted  a f t e r  cooling.
CuCl.  ( ANT)z : 0.01 mole of CuCl( I)  and 0.01 mole of ANT in e t h e r
were s t i r r e d  unti l  all the ANT reac ted .  The red  p rec ip i ta te  was 
f i l te red  and  d r ied .
Ag N O 3 .  (ANT)z:  To a s t i r r e d  solution of ANT (0.01 mole) in 50 ml.
ace tone at  0°C AgN0 3  c ry s ta l s  were added  (0.0025 mole) . The 
p rec ip i ta te  formed was f i l tered a f t e r  the  solution was s t i r r e d  for  
about  5 h o u r s ,  washed with acetone and dr ied  in vacuo.
CuCl^. (HANT)^: When concen t ra ted  HCl was slowly added  to a
DMF solution of Cu SO^. ( ANT)(DMF) o r  CuCl^ . (ANT) (DMF) small 
sh in ing  g reen  c ry s ta l s  p rec ip i ta ted .  The c ry s ta l s  were washed with a 
small amount of acetone and petroleum e t h e r ,  and  d r ied  in vacuo.
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2.5.  Attempted Preparation of 2-Bromo-5-nitrothiazole and 
2-Chloro-5-nitrothiazole Complexes
No complexes could be p r e p a r e d  us ing  2 -bromo-5-n it ro th iazole  
o r  2 -ch loro-5-n i tro th iazole  and  the  metal sa l t s  u sed  in the  p rep a ra t io n  
of 2-amino-5-n itro th iazo le  complexes.  O the r  sa l t s  of the  same metals 
inc lud ing  n i t r a t e s ,  bromides ,  iodides ,  s u lp h a t e s ,  were also t e s t e d  in 
s e v e ra l  so lven ts  e . g .  ace tone ,  methanol ,  DMF, n i t romethane  with 
no pos i t ive  r e s u l t s .
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C H A P T E R  3 
RESULTS AND DISCUSSION
3.1 -  C-13. N.M.R ,  Result s
The carbon-13 n . m . r .  sp ec t r a  of s u b s t i t u t e d  thiazoles were 
s tu d ie d  in o r d e r  to probe the g round  s ta te  elect ron d is t r ibu t ion  
in th is  molecular framework,  and to a s se s s  the  re la t ive  con t r ibu tion  
of the ni t ro  s u b s t i tu e n t  in determining this  elect ron d i s t r ibu t ion .
The carbon-13  chemical sh if ts  for 2-amino-5-n ilro lh iazole  
(A N T ),  2-bromo-5-nil  rol hiazole (BN T) ,  and 2-chlorot  hiazole 
(C N T ) ,  a re  given in table 5. Chemical sh i f t s  were obta ined by 
us ing  Me^Si as an internal  chemical shif t  s t a n d a r d .  Proton coupled 
s p e c t r a  were recorded  as an aid in signal  ass ignm en t .  Comparison 
of r e p o r te d  chemical sh if ts  of thiazole,  2 -chlorot  hiazole , 2 -bromo-  
t hiazole also facilit a ted signal a s s ig n m e n t .
Table 5. Carbon-13 Chemical Shi f ts  for  
Thiazole and S u b s t i t u te d  Thiazoles **
Compound Solvent C(2) C(4) C(5)
Thiazole DMSO 153.6 143.3 119.6
2 -chlorothiazole DMSO 150.6 141.4 122.9
CNT MeOH 156.6 141.6 149.1
DMSO 157.9 142.9 150.8
Acetone 164.1 150.3 157.2
2 -bromothiazole DMSO 136.8 144.0 125.2
BNT Acetone 113.2 176.4 114.1
2 -aminothiazole DMSO 170.3 139.0 107.7
ANT MeOH 175.1 146.4 138.0
DMSO 173.5 147.2 135.4
* means,  data taken  from ref .  54. ,
+ + chemical shif ts  a re  in ppm and were obta ined  by us ing  Me^Si as an 
internal  chemical shift s t a n d a r d .
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In o r d e r  to gain more ins ight  into the  ef fect  of the  n i t ro  g roup  
on th e  p e r tu rb a t io n  of electron dens i ty  at  each c a rb o n ,  the  c a rb o n -  
13 chemical sh if ts  of CNT, BNT, and ANT were compared with the  
chemical sh if ts  of 2 -chlorothiazole,  2 -bromothiazole , and 2 -amino- 
th iazo le ,  respec t ive ly .  Table 6 contains the  the  carbon-13  chemical 
sh i f t  d i f fe rence ,  A6 , caused by the effect  of su b s t i tu t io n  of a n i t ro  
g ro u p  at position 5 of the thiazole r ing .
Table 6 . Effect of Nitro S ubs t i tu t ion  on 
the  Carbon-13 Chemical Shif ts
A Ô  *
Compound C(2) C(4) C(5)
2-amino-5-n itrothiazole +3.2 +8 . 2 +27.7
2-chlo ro-5-n i tro th iazole +7.3 +1.5 +27.9
* Means,  chemical shi f ts  are  in ppm. The posi t ive sign ind ica tes  
t h a t  chemical shi f ts  a re  towards the  h igh-f ie ld  reg ion .
The chemical sh if t  d ifference in 2-bromo-5-nit ro th iazo le  
is not  inc luded in table 6 because the  spec t rum  of the  l a t t e r  
could not  be reco rded  in DMSO and comparison of the  sh i f t s  in 
two d i f f e re n t  solvents  would not be meaningful ,  especia l ly since 
t h e  ca rbon-13  chemical sh if t s  of the  compounds conce rned  show 
some dependence  on the  solvents  u sed .  However it seems tha t  
th e  p e r tu r b a t io n  induced by the ni t ro  g roup  in 2 -b rom o-5 -n i t ro -  
thiazole is quite  di f ferent  from the  p e r tu rb a t io n  induced  in 2 -chloro- 
5 -n i t ro th iazole  and 2-amino-5-nitrothiazole.
As seen in table 6 , the chemical sh if t  d i f fe rence  A6 
in d u c ed  by  the  ni tro g roup at  ca rbon-5  of the r ing  is nea r ly  the
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same for  2 -ch lo ro -5 -n i t ro th iazo le , and  2 -am ino-5 -n i t ro th iazo le , w hereas ,  
it is qu it e  d i f fe ren t  a t  posi t ions 4- and 2- of the  r in g .
3 .2 .  Analyses
All compounds were analyzed  for  C, H, N. The r e s u l t s  
of analysi s  a re  l is ted in table  7. The compound Cu SO^. (ANT) (DMF) 
was also ana lyzed for  s u l p h u r  (Found :  S, 16.13,  re p e a t  15.89,
calc,  for  Cu SO^. ( ANT) (DMF) : S,  16 .97).  The compound NiCl^.-
(A N T )2 (DMF) 2  was analyzed  for  s u l p h u r  and  chlorine ( found:
S, 11.26,  re p e a t  10.06; r e - r e p e a t  8.49,  Cl, 12.11. Calc, for NiCl2 . -  
( A N T ) 2 (DMF) 2  S , 11. 33, Cl, 12 .53).  The r e s u l t s  of s u lp h u r  analyes  
indicated  sample decomposit ion when exposed  to the  atmosphere.
3.3.  Infrared Spectra
The in f ra red  s p e c t r a  of all the  complexes showed a num ber
of d if fe rences  from th e  s p e c t r a  of the  f ree  l igands  (Table 8 ) pr inc ipa l ly
in reg ions  associated  with the  NH2 g r o u p ,  th e  n i t ro  g ro u p ,  and
the  r in g  v ib ra t ions .  The solut ion spec t rum  of ANT in chloroform,
could not  be r e c o rd e d  for  compar ison,  due  to the  insolubi l i ty of
the  l igand in th a t  so lven t .  A ccordingly ,  the  s p e c t r a  of the  complexes
in nujol o r  as KBr pel lets  had  to be compared with the  spec t rum
of ANT in solid s t a t e .  The in f ra red  sp ec t ru m  of ANT revea led
four  b a n d s  in the  v(N  -  H) s t r e t c h in g  f r e q u e n c y  reg ion  (Fig.  2) .
The p re s e n c e  of fou r  ban d s  in th is  reg ion  in s te ad  of the  usual
two b ands  associated  with amine v NH and v NH s t r e t c h in gasy  sym ®
frequenc ies  implies the  ex is tence  of two d i f f e re n t  ty p e s  of -N-H
b o nds ,  which would r e s u l t  from in termolecula r  o r  in t ramolecula r  d ono r -
accep to r  in te rac t ions  among the  var ious  coordina tion s i tes  p r e s e n t  in ANT
The in f r a r e d  s p ec t r a  of all the  complexes ,  with the  except ion of
mixed DMF ones ,  r e ta ined  the  fou r  b ands  assoc ia ted  with v^^^NH
and V NH, bu t  the  bands  were sh if te d  to lower f r eq u en c ie s ,  sym
In the  s p e c t r a  of mixed DMF complexes ,  the  band associa ted
-24-
Table 7. Analytical  Data




C oC lzX A N T); Found 17.5 1.5 20.3
Calcd. 17.2 1.4 2 0 . 1
CoCl2 . ( A N T ) 2 (MeOH) 2 Found 19.7 2 . 8 17.9
Calcd. 19.9 2.9 17.4
C o S O ^ . ( A N T ) 2 (DMF) 2 Found 19.7 3.0 15.5
Calcd. 19.3 2.7 15.0
NiCl2 . ( A N T ) 2 Found 17.5 1.5 20.3
C a lcd . 17.2 1.5 2 0 . 0
N iB r2 . ( A N T ) 3 (MeOH) Found 16.9 1.9 18.0
Calcd. 17.5 1.9 18.3
Ni (N C S ) 2 . ( A N T ) 2 (MeOH) 2 Found 22.5 2.5 21.5
Calcd. 2 2 . 1 2 . 6 2 1 . 2
Ni (N C S ) 2 . ( A N T ) 2 (MeOH) Found 2 1 . 6 2 . 0 22.4
Calcd. 21.7 2 . 0 22.5
Ni S0^ . (ANT)2(DM F)2 Found 24.1 3.4 18.4
Calcd. 24.3 3.4 18.9
NiCl2 . ( A N T ) 2 (DMF)2 Found 25.3 3.5 2 0 . 2
Calcd. 25.3 3.5 19.8
CuCl2 . ( A N T ) 2 Found 17.2 1.4 19.7
Calcd. 17.0 1.4 19.8
Cu SO^.(ANT)(DMF) Found 19.5 2.7 14.9
Calcd. 19.1 2.7 14.8
CuCl2 . (ANT)(DMF) Found 20.5 2.7 15.9
Calcd. 20.4 2 . 8 15.9
C u (A c O ) 2 . (ANT) Found 25.6 2 . 8 13.0
Calcd. 25.7 2 . 8 1 2  8
Cu C1^.(HANT)2 Found 14.5 1.4 17.0
C a lcd . 14.5 1.4 16.9
CuC1.(ANT)2 Found 18.6 1.4 2 1 . 2
Calcd. 18.5 1.5 2 1 . 6
CdCl2 . (A N T ) 2 Found 14.9 1.3 17.4
C a lcd . 15.2 1.3 17.7
Ag NO3 . ( A N T ) 2 Found 15.5 1 . 2 2 1 . 1
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with the  ca rbony l  a bso rp t ion  v c = 0  which is at  1675 cml^ in the  
s p ec t ru m  of DMF is sh i f ted  to lower f r e q u e n c i e s  by 20 -  40 cm.  ^
in all c a s e s , ind ica t ing  the  coord ina tion  of DMF to the  cen t ra l  metal 
ion.
The p r e s e n c e  of MeOH in the  mixed methanol  complexes
is i n f e r r e d  from the  p r e s e n c e  of the  c h a ra c te r i s t i c  b an d s  associa ted
-1with -Q-H bend ing  at ca.  1460 cm . and  C - 0  s t r e t c h in g  v ib ra t ion
- I
at ca.  1 0 1 0  cm.,  while i ts  coord ina tion  to th e  ce n t r a l  metal ion 
is i n f e r r e d  because  the  0 -H  bend ing  f r e q u e n c y  is sh i f ted  to 
lower re g io n s ,  and  p ro longed  hea t ing  at  90°C would no t  effec t  the  
s p e c t r a  of the  mixed methanol  complexes .
3 . 4 .  E lectron ic  S p ectra
In the  re f lec tance  s p e c t r a  of all complexes ,  bands  of wave-  
n u m b e rs  h ig h e r  th a n  18,000 cm  ^ could not  be a s s ig n ed  due  to
the  p r e s e n c e  of v e r y  b ro a d ,  and  in tense  b an d s  which were o b s c u r in g
the  d - d  b a n d s  a r i s ing  from the  c e n t r a l  metals .  I t is th o u g h t  th a t
th e s e  b an d s  a re  due  to the  o v e r la pp ing  of th e  ANT b a n d s  and d - d  
b a n d s  with in ten se  c h a rg e  t r a n s f e r  b a n d s  in th e  d irec t ion  metal- 
to -A N T and  meta l- to-DMF. The b a n d s  at  lower w avenumbers  a re  
l i s ted  in table 9 .
T rans i t ion  metal complexes with c h a rg e  t r a n s f e r  b an d s  v e r y
close to the  visible reg ion  a p p e a r  to decompose r ead i ly .  In the
p r e s e n t  case ,  the  c o p p e r ( I I )  compounds  slowly t u r n  r e d d i s h - b l a c k
in a i r .  This  decomposit ion a p p e a r s  to be d u e ,  not  to a t t a c k  by
w a te r ,  b u t  to a t t a c k  by  o x y g e n .  Similar in s tab i l i ty  has  been no ted
with f e r r ic  ace ty la ce tona te ,  a compound w here  th e  c h a rg e  t r a n s f e r
91b and  e x t e n d s  f a r  into the  v i s i b l e .
Only in the  s p e c t r a  of mixed DMF complexes ,  the  b ands  at 
38,000cm  ^ and  43 ,700cm  ^ p r e s e n t  in the  spec rum  of ANT, sh if ted  
s ign if ican tly  to h ig h e r  w av e le n g th s ,  ind ica t ing  some covalen t  c h a r a c t e r  
for  M - N bond .
The solut ion e lect ronic s p e c t r a  of all the  complexes indica ted  
d is soc ia t ion ,  which p robab ly  r e s u l t e d  from the  low bas ic i ty  of ANT
-29-
Table 9. Electronic S pec t ra (cm  ^ )
Compound Band Maxima
C oC l^ . (A N T ) ; 6,300, 14,700 18,000
CoCl^. (ANT)^(MeOH)g 7,300, 14,500, 18,700
Co SO^.(ANT)^(DMF)g 8 , 0 0 0 , 14,700, 18,800sh,  19,500
NiCl^ .(ANT)^ 7,300, 13,200
NiBr^ .(ANT)^(M eOH) 7,300, 8,800, 12,500, 14,200
Ni(NCS)^ .(ANT)g(M eOH)^ 8,500, 10,500, 14,000,  16,500
Ni(NCS)^ .(ANT)g(MeOH) 9 , 2 0 0 , 15,700
Ni SO^.(ANT)^(DMF)g 8,300, 14,800
NiCl^. (ANT)^(DMF)^ 8 , 0 0 0 , 14,000
C uC lg . (A N T )g 13,500
Cu SO^.(ANT)(DMF) 1 1 , 0 0 0
CuClg . (ANT)(DM F) 14,200
C u (A cO )g . (A N T ) 13,900
CuCl^ . (H A N T )^ 13,000
and the  s te r ic  h in d ra n c e  caused  by  the  s u b s t i t u e n t s .  The so lven ts  
t r i ed  inc luded ace tone ,  methanol ,  e thano l ,  w a te r ,  and  DMF.
3 .5 .  X - ra y  d i f frac t ion  powder p h o to g ra p h s
The x - r a y  dif f rac t ion  powder  p h o to g ra p h s  of NiClg . ( ANT )  ^, 
CuClg.  (ANT)%, C0 CI2 . (ANT)z and CdCl^.  (A N T );  were compared 
to find out  if they  a re  isomorphous .
The in t e rp la n a r  d s pac ings  in À were taken  from tab les  
giv ing in t e r p l a n a r  spac ings  a function of 2 0. The in ten s i ty  of 
the s t r o n g e s t  peak was cons ide red  to be 1 0 0 % and the  in tens i t i es  of
-30-
d (A)
Fig.  3. X - r a y  pow der  p a t t e r n  of NiClz. (ANT)
d (A)
Fig.  4 .  X - ray  pow der  p a t t e r n  of C d C l ; . ( ANT ) 2 .
-31-
d (A)
Fig.  5. X - r a y  powder  p a t t e rn  of CoClg . ( ANT) ^
d (A)
Fig.  6 . X - ra y  powder  p a t t e rn  of CuCl^ . ( ANT) g
-32-
th e  o th e r  peaks  were calculated  re la t ive  to the  s t r o n g e s t  peak .
In the  plot of d spac ings  aga ins t  in tens i t ies  ( f igs .  3- 
6 ) ,  one - to -o n e  c o r re spondence  in the  num ber  of p e a k s , and 
s imilari ty  in d spac ings  and in tens i t i es  was found only for  C u C lz . ( ANT ) 2 
and  C0 CI2 . (A N T )  ^ ind icat ing th a t  th e se  two complexes are  isomorphous .
3 .6 .  E . S . R .  S pec t ra
The e . s . r .  sp e c t r a  of powdered CuCl2 . ( ANT)  ^ were r e c o rd e d  
at  ambien t  and  at  115 K. No s igni f ican t  change  with te m p e ra tu re  
was o b s e r v e d .  The g -a n is o t ro p y  is completely r e s o lv ed ,  bu t  no 
n u c l e a r  h y p e r f in e  sp l i t t ing  was o b s e rv e d .  The th r e e  rhombic g 
va lues  a re  at  g^ = 2.054, = 2.131,  g^ = 2.205 .
The room te m pera tu re  e . s . r .  spec t rum  of pow dered  Cu SO^. ( ANT) 
(DMF) r evea led  a v e r y  broad  non-symmetr ica l  c u rv e  with a peak  
to peak  line width  of 260G indicat ing the  p re s e n c e  of excha nge  
c o u p l i n g .
An axial  and  an isot ropic spec t rum was obta ined  for  p ow dered  
CUCI2 . (ANT)(DMF).  The e . s . r .  spec t rum  re c o rd e d  at room te m p e ra ­
t u r e  shows two g va lues .  At 1 1 0  K a less  re s o lv ed ,  f l a t t e r  
s p e c t ru m  was ob ta ined ,  with sl igh t  sh i f t s  in the  g va lues .  The 
g va lues  a t  room te m p e ra tu re  and  at  110 K are  as follows:
at  room te m p e ra tu r e ,  ^ || ~ ^_L~
at  110 K g = 2.308 g = 2.126
Il T
The e . s . r .  s p e c t r a  of powdered CuCl^.(HANT)^ were r e c o rd e d  
a t  room t e m p e r a t u r e ,  at  107 K and 373 K. No te m p e ra tu re  d e p e n d e n c e  
was o b s e r v e d ,  th e  g an i so t ropy  was completely r e so lved .  The th r e e  
rhombic g va lues  a re  at  g j  = 2.044,  g 2 =2.125 and g^ -  2.170 .
-33-
3 . 7 .  M agnetic S u sce p tib ility  M easurem ents
3 . 7 .1 .  Nickel ( II ) Complexes
For the  magnetic m easurem en ts ,  the  t e m p era tu re  in d e p e n d e n t  
param agne t i sm TIP ,  was ca lculated  from the  re la t ionsh ip .
TIP = S N e ^ / A  s 2.09/A c . g . s . u .
w here  A is the  e n e r g y  of the  level ^^2g mixed into the
g r o u n d  s t a t e ,  and amounts  in th e se  complexes to almost 7% of the 
room te m p e ra tu r e  su sc ep t ib i l i ty .
The values  of TIP ,  diamagnetic co r rec t ion ,  and  6 a re  given 
in tab le  1 0 .
The plot s  of 1/ X m ( X ^  "  co r re c t e d  for  diamagnetism) 
v e r s u s  t e m p e ra t u r e  for  all the  Ni( l l )  complexes with the  exception  
of NiClg. (ANT) 2 , gave s t r a i g h t  l ines pass ing  th r o u g h  the  
o r i g i n .
The plot of 1/ v e r s u s  te m p e ra tu re  for  the  NiCl2 . ( A N T )2
complex gave  a s t r a i g h t  line which in t e r s e c te d  the  T ax is  at  6 = 24 K 
in d ica t ing  fe r romagne tic  in te rac t ion  be tween th e  N i( l l )  i o n s ( f ig .  7 ) .  The 
value of th e  magnetic moment for  this compound was ca lcu la ted from 
th e  r e la t io n sh ip  c o r r e s p o n d in g  to fe r romagnetic  in te rac t ion  be tween 
metal ions .
M = 2.84[X„,(T - 6  )1^
The magnetic moment,  co r rec ted  for  fe r romagneti sm in th i s  way,  
was u s e d  to calcu la te  the  value of the  sp in -coup l ing  co n s ta n t  -X' from 
th e  re la t io n sh ip
M = 2.83(1 -  4 X'/A)
and  was found  to be 297 c m '^ .  Whilst no g r e a t  a c c u ra c y  may be 
claimed fo r  th i s  va lue ,  it seems to be reasonab le  to account  fo r  th e  
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Tabl e  11.
Experimental  va lues  of the  field  
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F i g .  7 .  T e m p e r a t u r e  d e p e n d e n c e  of  th e  i n v e r s e  m a g n et ic  s u s c e p t i -
b i l i t y  o f  NiCIj  . ( A N T ) z .
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3 . 7 .2 .  Cobal t( I I )  Complexes
In oc tahedra l  coba l t ( I I )  the  g ro u n d  s ta te  is and  a
la rge  o rb it a l  con t r ibu t ion  to the  moment is e x p ec ted .  Mixing of 
a s ing le t  exci ted  s ta te  lowers the  moment b u t  a value in excess  of 
5BM is ex p e c te d .  The g ro u n d  s ta te  for  t e t r a h e d r a l  cobalt  (II)  is 
^A 2 and  a low moment is usual ly  ob ta ined .  An exci ted t r ip le t  s ta te  
is comparat ive ly  low in e n e r g y  and  can be mixed with the  g round  
s t a t e .  Moments in the  r a n g e  of 4 -  5 BM have  been p red ic ted
and  a r e  found experimental ly. '9 2 , 9 3
The term TIP is not  inc luded  in the  calcu lat ions of ef fect ive 
magnetic moments of th e se  complexes due  to th e  u n c e r t a in t y  involved 
in the  re f lec tance  sp ec t r a l  b ands  at  h igh  e n e rg i e s .  However ,  the  
ef fec t  of TIP is h a rd ly  felt  in complexes with t h r e e  u n p a i re d  e lec t rons  
and  could be safely neg lec ted .
Table 12.
Exper imenta l  va lues  of the  field 
in d e p e n d e n t  suscep t ib i l i ty  of CoCl^ . ( ANT );
T K Xg X 10  ^ X xlO  ^m 1 / ^ m ^eff
B.M.
363.16 15.21 6567.26 152.27 4.38
343.16 15.79 6810.35 146.84 4.34
299.16 18.36 7888.41 126.77 4.36
283.16 19.49 8364.03 119.56 4.37
243.16 22.62 9678.58 103.32 4.36
223.16 24.50 10468.63 95.52 4.34
183.16 29.90 12737.05 78.51 4.34
143.16 37.73 16026.73 62.40 4.30
103.16 51.16 21668.06 46.15 4.25
91.16 57.23 24217.89 41.29 4.22
-6* Diamagnetic cor rec t ion  = 176.36x10 c . g . s . u .  
0 = - lOK
- 3 7 -
Table 13
Experimental  va lues  of the  f ield-
in d e p en d en t  s u scep t ib i l i ty  of Co SO^ . ( ANT ( DMF
-6Diamagnetic cor rec t ion  = 253.84x10 c . g . s . u .













































































e . g .  s .  un i t s  a re  used
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3 .7 .  3. C o p p e r ( I I )  Complexes
The ef fec t ive  magnetic moments of the se  complexes were
ca lcu la ted  us ing  the  ex p re s s io n  2.84(x^,  x T ) ^ , where  x ^ ,
is the molar suscep t ib i l i ty  c o r r e c t e d  for  diamagnetic e f fec ts  and
Na, where  Na is the  TIP associa ted  with the  cop p e r  ion.  In the
-6p r e s e n t  work ,  a value Na = 60 x 10 has  been u s e d .
The  r e s u l t s  of magnetic measurem en ts  fo r  the  C u ( I I )  
complexes ind ica ted  an t i fe r rom agne t ic  in te rac t ion  in all complexes 
with the  excep t ion  of CuCI^ . ( HANT)g, while the  complex C u (A cO ) 2  
(ANT) exh ib i ted  a subnormal magnetic moment (Tab les  14-18).
The diamagnetic co r rec t ion  and  the  measured  Weiss c o n s ta n t  a re  
given  with each tab le .
Table 14. Exper imen tal  values  of the  field 
i n d e p e n d e n t  su sc ep t ib i l i ty  of CuCl ;. ( ANT) % *
Diamagnetic cor rec t ion  = 174.36 x 10 
e = - 1 3 K




323.16 2.48 1493.32 669.65 1.93
299.16 3.06 1593.45 627.57 1.92
283.16 3.25 1674.66 597.14 1.92
263.16 3.50 1782.26 561.09 1.91
243.16 3.82 1917.31 521.56 1.91
223.16 4.18 2071.31 482.79 1.90
203.16 4.65 2271.15 440.30 1.90
183.16 5.22 2509.83 398.43 1.90
163.16 5.90 2801.33 356.97 1.90
143.16 6 . 6 6 3122.72 320.23 1 . 8 8
123.16 7.64 3541.24 282.39 1 . 8 6
103.16 9.14 4176.15 239.46 1.85
91.16 10,31 4671.91 214.05 1.84
'■m
- 3 9 -
Table 15. Exper imenta l  values  of the f ield- 
in d e p e n d e n t  su sc ep t ib i l i ty  of Cu SO^. ( A NT ) ( DMF )*
- 6Diamagnetic cor rec t ion  = 155.8 x 10 c . g . s . u .
0 = - 30K
TK Xq X 10
C . g . s . u ,
































































F ig .  8.  T e m p e r a t u r e  d e p e n d e n c e  of  th e  i n v e r s e  m agn et ic  s u s c e p t i ­
b i l i ty  of  Cu S O ^. ( ANT ) ( DMF ).
-40-
Table 16. Experimental values of the  f ie ld- 
in d e p e n d e n t  suscep tibi l i ty  of CuCl , .  (ANT)(DMF)
Diamagnetic co r rec t ion  = 165.8 x lO"^ c . g . s . u .
8 = - 1 0  K
T K














































* Xg i."' in c . g . s . u . ,  X;n is in 1 0 ^ c . g . s . u .■g
Table 17. Experimental  values of the  f ield-  
i n d e p en d en t  suscep tib i l i ty  of CuCl^.(HANT
-6Diamagnetic co r rec t ion  = 227.02 x 10  c . g . s . u .
0 =  0
T K
Xg X 10& %m 1 / %m
"eff
B.M.
299.16 2.35 1517.10 659.15 1.87
263.16 2.77 1726.46 579.22 1 . 8 8
223.16 3.39 2033.52 491.76 1 . 8 8
163.16 4.82 2747.67 363.94 1 . 8 8
143.16 5.54 3103.58 322.21 1.87
123.16 6.59 3626.97 275.71 1 . 8 8
93.16 8.87 4759.84 210.09 1 . 8 8
is in c . g . s . u . ,  %m *s in 10 c . g . s . u .
-41-
Table  18. Experimental values  of the  f ield - 
in d e p e n d e n t  suscep tib i l i ty  of [Cu( AcO), .  ( ANT )).
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F i g .  9 .  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m a g n e t ic  s u s c e p t i b i l i t y
o f  ( C u ( A c O ) 2 . ( A N T )  J^.
-42-
3.8. The donor centre in Z-amino-S-nitrothiazole
2-amino-5-n it ro th iazole  (ANT) has  five possib le  c e n t r e s  of 
coord ina tion ;  ( 1 ) cyclic s u l p h u r ,  ( 2 ) the  n i t ro  g ro u p ,  ( 3 ) e l ec t rons  
of th e  r i n g ,  (4) the  exocyclic  n i t r o g e n ,  (5) cyclic n i t ro g e n .
H
4 C  N 3
1
(II)
Prev ious  work  on simpler  th iazole s,  such  as u n s u b s t i t u t e d  
thiazole ,  alkyl  and  ha logen  s u b s t i t u t e d  thiazoles has  ind ica ted  th a t  
with th e  excep t ion  of one ca se ,  where  s u l p h u r  coordina tion is p r o ­
posed?^  s u b s t i tu t io n  is t h r o u g h  r ing  n i t r o g e n . For the  2 -am ino -
thiazole metal complexes bo th  r in g  n i t rogen  and  excocyclic  n i t rogen  
coordina tion is s u g g e s t e d . T h e  a u th o r s  p ropos ing  amino n i t ro g en  
coord ina tion  have  b ased  th e i r  a rg u m e n ts  on the  fac t  th a t  s te r ic  h in d r a n c e  
at  th e  r in g  n i t r o g e n ,  caused  by  the  amino g r o u p ,  would f av o u r  the
coordina tion of th e  l a t t e r  g ro u p .  However,  r e c e n t  x - r a y  c ry s ta l lo -
84g raph ic  da ta  on dich lo robis  ( 2 -aminothiazole )c o b a l t , c lear ly  ind ica tes  
th a t  coord ina tion  is t h r o u g h  r ing  n i t rogen  in th i s  complex.
Doadrio et  al .  have  p roposed  amino n i t ro g en  coord ina tion 
for  th e  only t ra n s i t io n  metal complex of ANT so f a r  r e p o r t e d  in the 
l i t e r a tu r e ? ^
In the  I . R .  s p e c t r a  of all the  complexes ,  no s ign if icant  
change  was o b s e rv e d  in the  C=S v ib r a t io n s ,  t h u s  el iminating the  
poss ib i l i ty  of s u l p h u r  coordina tion .
The small values  of A. o b s e rv e d  in the  re f lec tance  s p e c t r a
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( table 9) mean tha t  the n i t ro  g ro u p  could not be the  coord ina ting  
s i t e .
The  carbon-13  chemical sh if t  d ifferences ,  6A , between 2- 
aminothiazole and 2-amino-5-ni trothiazole show a desh ie ld ing  ef fec t  
of 3 .2ppm ,  8 .2ppm,  and  27 .7ppm at  C (2 ) ,  C (4 ) ,  and C(5)
re s p e c t iv e l y .  This  desh ie ld ing  ef fec t  may be expla ined  if resonance  
form (XIV) makes a s u b s t an t i a l  con t r ibu t ion  to the  ANT h y b r id ,
o . N y s
( XI V)
b e ca u se ,  in th i s  form, the  s t r o n g  e lec t ron -w i thd ra w ing  resonance  
e f fec t  of the  n i t ro  g ro u p  is capable of delocalis ing the  e lec tron  d en s i ty  
away from the  r i n g ,  t h u s ,  making the  tt e lec t rons  of the  r in g  less 
avai lable  fo r  coordina tion th an  in 2 -aminothiazole.
The desh ie ld ing  ef fec t  at  C(2) could be exp la ined  if f u r t h e r  
enhancem en t  in the  double bond  c h a r a c t e r  of C(2)  -  NH^ , which 
is p r e s e n t  in 2-aminothiazole,  is co n s id e re d .  Accordingly,  the  conjugat ion 
of th e  n i t ro  g r o u p  with th e  p r e s e n t  sys tem will make the  amino n i t rogen  
even  le ss  basic th a n  in 2-aminothiazole.  This  r e s u l t  is in line with 
p rev io u s  r e s u l t s  ob ta ined  by  conformational  s tu d ie s  by  dynamic n . m . r .
47on 2-NN-dimethylaminothiazole ,  and  5-n i t ro -2 -N N -d im e thy lam ino th iazo le , 
th a t  p re d ic t  an enhancement in Ar-N double bond c h a r a c t e r  in the  
la t t e r  compound.
Although the t e chn iques  mentioned above p re d ic t  a reduc t ion  
in the  bas ic i ty  of the  r ing  n i t rogen  and the amino n i t r o g e n ,  th e r e  
is no c lear  indication as to which one of the two is af fec ted  most 
by  the  s u b s t i tu t io n  of n i t ro  g ro u p .  The pro tonat ion  of ANT in solut ion 
is s tu d ie d  by means of U .V. s p e c t ro s c o p y  and  by  m easur ing  the
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pKg values  of a num ber  of 5 - s u b s t i t u t e d  2-aminothiazoles and 
in both  cases  r in g  n i t rogen  pro tona t ion  is p roposed .
The I . R .  spec t rum  of p ro tona ted  ANT in solid form, which 
was p r e p a r e d  in th is  work ,  s u g g e s t e d  the  ex i s tence  of a mix ture  
of r ing  n i t rogen  and amino n i t rogen  p ro tona ted  ANT(fig.  10) .
The band  at  3220cm falls in the  r an g e  associa ted  with pr im ary  
amine s t r e t c h in g  f r e q u e n c y ,  while the  band  at  1595 cm- 1  is typical
fo r  - N H 3  ab s o rp t io n ,  because  =NH does not a b s o rb  in th is  reg ion .
The two closely located bands at  1635 cm~^and 1648 cm~^ could be
a s s ig n e d  to 6 NH2 ^nd - N H 3  abso rp t ions  r e s p ec t iv e ly .
The I . R .  s p e c t r a  of all complexes showed a sh if t ing  to
lower f requenc ie s  in v NH and v NH. This  may r e s u l t  from thesym asy  ^
coordina tion of the  amine g roup .  It might also be due  to the  elect ronic 
e f fec t s  r e s u l t in g  from o th e r  coordination s i tes .
The coordina tion of -NH;  n i t rogen  implies a shi f t  to lower
f req u en c ie s  in v NH and v NH , a sh if t  to h ig h e r  f requenc iesasy  sym 7 4
in ÔNH2 and  no sh if t  o r  s l igh t  sh if t  in the  r ing  s t r e t c h in g  v ib ra t ion .
The p re sen ce  of fou r  bands c o r re spond ing  to and
Vsy^NH, is ev iden t  in the  I . R .  s p e c t r a  of all complexes with the 
excep t ion  of the  sp e c t r a  of mixed DMF complexes,  which show only 
two b a n d s  in th i s  reg ion .  The p re sen ce  of more th a n  the  usual  
two b a n d s  associated  with amine s t r e t c h in g  v ibra t ion  is p robab ly  
d u e  to the  ex is tence  of dissimilar  amine g ro u p s  in the se  complexes 
r e s u l t in g  from e i th e r  (a)  h yd rogen  bonding of thq NH^ g roup  with 
e i t h e r  the  an ions ,  o r  MeOH, o r  the n i t ro  g ro u p ,  o r  (b)  some kind of 
d o n o r - a c c e p to r  in te rac t ion  between the  amino g roup  and the n i t ro
«  ©
/ ( f  H (p) "
R- N ^  IN-R’  --------   R-Nç -^ N -R '
\p. H #  H


































of the  l igand to diss imilar  metal ions .  All the se  in t e ra c t io n s ,  with 
the  excep t ion  of the  l a t t e r  case ,  r e s u l t  in a reduc t ion  of the 
dono r  s t r e n g t h  of the  amine n i t r o g e n ,  t h u s  leaving the  r ing  n i t rogen  
as the  potential  coord ina t ing  s i te .  The nega t ive  sh if t  in the 6 NH2 
f r e q u e n c y  f u r t h e r  su p p o r t s  th i s  p roposa l ,  because  coordinat ion  of 
the  amine n i t rogen  implies a pos i t ive  sh if t  in 6 NH2 .
The s p e c t r a  of mixed DMF complexes show two bands  c o r r e s p o n d in g  
to and  v^^^NH. An excep t ion  is the  spec t rum  of CuClg . ( ANT )-
(DMF) which shows t h r e e  b a n d s  in th i s  r eg ion .  Another  im por tan t  
fe a tu re  of th e se  s p e c t r a  is th e  v e r y  s ign if ican t  nega t ive  shif t  in 
the  f r e q u e n c i e s  of th e  l a t t e r  b a n d s  as compared to the  sl ight  sh i f t s  
in the  s p e c t r a  of r i n g - n i t r o g e n - c o o r d in a t e d - c o m p le x e s . The band 
assoc ia ted  with 6 NH2 o r  N-H def  is not  clea r ly  seen  due  to the p r e s e n c e  of 
a C=0 f r e q u e n c y  of DMF in the  same reg ion ,  how ever  no band is 
seen below the  6 NH2 f r e q u e n c y  of th e  f ree  l igand indica t ing th a t  
all ÔNH2 sh i f t s  a re  to h ig h e r  f r e q u e n c i e s ,  as  expec ted  for  amine 
coord ina ted  complexes .
T h u s  b ased  on th e  coordina tion s i te s ,  the  complexes p r e ­
p a re d  could be d i v i d e d  into two g r o u p s ;  Group (A ) ,  r i n g - n i t r o g e n -  
bonded  and  g r o u p  ( B ) ,  a m i n e - n i t r o g e n - b o n d e d .
Group (A) Group (B)
MCl2 . ( A N T ) 2  (M = Co, Ni, Cu,  Cd) Co SO^. ( ANT )  ^( DMF ) 2
CoCl2 . ( A N T ) 2 (MeOH) 2  Ni SO^. ( ANT) 2 ( DMF) 2
N iBr2 . ( ANT ) 3  (MeOH) NiCl2 . ( ANT ) 2 ( DMF ) 2
Ni(N C S) 2 . ( A N T ) 2 (MeOH) 2  Cu SO^ . ( ANT ) ( DMF )
Ni(N C S) 2 . ( A N T ) 2 (MeOH) CUCI2 . ( ANT ) ( DMF )
Ag NÜ3.(ANT)2 
C u (A c O ) 2 . (ANT)
CuC1.(ANT)2
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If the  r ing  n i t ro g en  can behave  as the  donor  atom, one 
should  wonder  why 2 -ch lo ro -5 -n i t r o th i a z o le (C N T ) and 2-bromo-  
5 -n i t ro th ia z o le (B N T ) did not  form complexes in the  same manner .
34Theore t ical  t r e a tm e n t  on 2-aminothiazole,  2 -ch lo ro th iazo le , 
and  2 -bromothiazole p r e d ic t s  a lower e lec t ron  d e n s i ty  at r ing  n i t rogen  
for  the  last  two molecules.  In fac t  2-bromothiazole forms complexes 
of the  ty p e  MX2 . L 2 (M = Cu,  Co; X = Cl, Br)  only,  w hereas ,  
2 -aminothiazole forms in addi t ion  to complexes of th e  ty p e  MX2 . L 2 , 
complexes where fou r  l igands  a re  coo rd ina ted  to one metal ion for  
the  same metal sa l t s ,  implying the  h i g h e r  bas ic i ty  of the donor  site 
in the  l a t t e r .  Consequen t ly  the  in t roduc t ion  of a n i t ro  g ro u p ,  as 
ind ica ted  by  C-13 n . m . r .  r e s u l t s ,  will make th e  r in g  n i t rogen  
in CNT and BNT less  basic than  in ANT and  would r e s u l t  in f u r t h e r  
reduc t ion  in o -dono r  s t r e n g t h  of the  fo rmer  two molecules.
3 .9 .  Conf igura t ion  of the  Complexes
3.9.1. [C u (A c O ) 2 .A N T ] 2
The magnetic d a ta ,  elect ronic sp ec t ru m  and  the  in f r a r e d  
s p e c t r a  a re  all cons i s te n t  with the  above  formulat ion s ince ,  the  
dimeric n a t u r e  of c o p p e r  ace ta te  monohydra te  is r e ta in ed  in th is  
complex.
9
Since c o p p e r ( I I )  has  a d e lec t ron  con f igu ra t ion ,  a monomeric 
complex of th i s  metal ,  r e g a r d l e s s  of geom etry ,  will p o sse ss  one 
u n p a i re d  e lec t ron  and  hence  exh ib i t  a magnetic moment in th e  vic ini ty  
of 1.73 B.M. I f ,  how ever ,  a normal s t r o n g  metal-metal  bond were 
to form between two of th e se  monomers,  th en  the  two formerly u n p a i re d  
e lec t rons  could pa i r ,  leading to a diamagnet ic dimer.  The in termedia te  
s i tua t ion  should  also be concep tua l ly  possib le  where in  the  magnetic 
moment of the  complexes could v a r y  be tween zero and 1 .73 B.M.
as the  s t r e n g t h  of the  metal-metal  in te rac t ion  v a r ie s .  T h u s ,  the
9 7o b s e r v e d  magnetic moment of 1.4 B.M. for  c o p p e r  ace ta te  mono­
h y d r a t e  is r e la ted  to th e  close proximity  of the  two c o p p e r ( I I )  ions.
O no
(2.64 A) .  As the  dimeric n a t u r e  of cop p e r  ace ta te  monohydra te
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is r e ta in ed  in the  ANT complex , it would be conven ien t  to desc r ibe  
the  s t r u c t u r e  of co p p e r  ace ta te  monohydra te  before p roceed ing  
to d i s c u s s  the  phys ica l  p ro p e r t i e s  of the  ANT complex.
P e rh a p s  the  b e s t  known and  most widely s tud ied  c o p p e r ( I I )
9 7 9 9 1 0 0complex is c o p p e r ( I I )  ace ta te  m onohydra te .  ’ ’ Direct  in terac t ion
between the  o rb i ta l s  conta in ing  the  u n p a i re d  e l ec t ro n s ,  is pos tu la ted  
to account  for  the  an t i fe r rom agne t ic  e x ch a n g e  o b s e rv e d  in th is  
compound.  Among th e  t h r e e  possib le metal-metal  in t e rac t ions ;  
a o -b o n d  formed via ove r lap  of dgZ o rb i ta l s  on each metal c e n t r e ,  
a i r-bond formed by over lap  of d ^ y  o r  dy^ o rb i ta l s  on each metal 
c e n t r e  o r  a 6 -b o n d  formed by  over lap  of the  d ^ y  or  d ^ 2_yZ orb it a ls  
on each metal c e n t r e ,  the  6 -b o n d in g  model has  rece ived  the  g r e a t e s t  




Fig.  11. (a)  An i l lus t ra t ion  of th e  6 -bo n d in g  in,  and (b)  the
s t ru c tu re  of,  c o p p e r ( I I )  ace ta te  m onohydra te .  (A f te r  Figgis  and 
Mart in?^)
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to a diamagne tic s p in - s in g le t  g ro u n d  s ta t e  for  th i s  molecule.  However ,  
the  param agne t ic  t r ip le t  is thermal ly  accessib le  r e s u l t in g  in a t e m p e ra tu r e -  
d e p e n d e n t  magnetic moment and  an t i fe r rom agne t ic  in te rac t ion .  The 
var ia t ion  of the  magnetic suscep t ib i l i ty  with t e m p e ra tu r e  for  each c o p p e r  
ion in th e  molecule is shown in Fig.  12. and  is compared with th a t  
g iven by  th e  equat ion
Xa = *m = NBZgZ 
3kT
3exp(2x)
3exp (2x )  + 1 
-1
+ Na ( 2 .1 )
w here  x = J / k T ,  g = 2 .16 ,  J  = -295 cm , and  a t e m p e ra tu r e  i n d e p e n d e n t












f ig.  12. The var ia t ion of with T for  c o p p e r ( I I )  ace ta te
m onohydra te ,  x ,  exper imenta l ;  ------------ , ca lcula ted  from equat ion  2 . 1 .
The in fluence  of t r a n s - a x i a l  l ig a t io n , (w here  the  w a te r  molecule 
in c o p p e r ( I I )  ace ta te  monohydra te  is rep laced  by  a n o t h e r  l igand)  on 
metal-metal  bond  formation in c o p p e r ( l l )  ace ta te  complexes has  been 
the  su b jec t  of num erous  i n v e s t i g a t i o n s . The d i f fe re nces  o b s e rv e d
in the  magnetic moments and  the  e lect ron ic  spe c t r a l  b an d s  have  been
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expla ined  in te rm s  of a -dona t ion  and n - a c c e p t a n c e , and bas ici t ies  
of th e  axial l i gand .  I t  has  been found th a t  the  magnetic moments 
of c o p p e r ( I I )  c a rboxy la te  a d d u c t  d ec re ase  s l igh t ly  as the  bas ic i ty  
of th e  t r a n s - a x i a l  l igand de c r e a s e s , t he g r e a t e s t  dec re a se  
in moments is r e p o r t e d  for  complexes capable  of i r-back bonding  such  
as t r i p h e n y l p h o s p h i n e , p y ra z in e ,  and  4 - m t r o - p y r i d i n e - N - o x i d e .
In [Cu( AcO) 2 . ANT] 2 the  re te n t io n  of the  dimeric c a rboxy la te  
s t r u c t u r e  is s u p p o r t e d  by  the  following o b s e rv a t io n s  : -  (a)  the
in f r a r e d  spec t rum  exh ib i t s  the  ca rboxy la te  s t r e t c h in g  f r e q u e n c i e s ,
- 1  -1  ^ c o o "  and  ^ c O O "  ( ^ s s y m ) , at  1413 cm and 1645 cm
r e s p e c t iv e ly ,  at  qu i te  similar en e rg ie s  to the  c o r r e s p o n d in g  bands
107in the  sp ec t ru m  of c o p p e r ( I I )  ace ta te  monohydra te ;  (b)  the
elect ronic  sp ec t ru m  of the  ANT complex s t r o n g ly  re sembles  the  s pec t rum
- 1
of c o p p e r ( I I )  ace ta te  m onohydra te ,  and  exh ib i t s  b a n d s  at 26,300 cm ,
which a re  pecu l ia r  to the  dimeric ca rb o x y la te s  ( f i g . 13) and  th e i r
a d d u c t s  ; (c)  the  magnetic moment is less  th a n  1.73 B.M.
s u g g e s t in g  t h a t  some coupl ing of the  two co p p e r  atoms occu r s  as in
th e  case  for  c o p p e r  ace ta te  monohydra te ;  (d )  the  var ia t ion of X
with t e m p e ra tu r e  s t r o n g ly  resembles  the  c o r r e s p o n d in g  var ia t ion
r e p o r t e d  for  c o p p e r ( l l )  ace ta te  monohydra te  and  s u b s t i t u t e d  p y r id in e
105a d d u c t s  of c o p p e r ( I I )  ace ta te  (compare f ig u re s  9 and  12).
The room t e m p e ra tu r e  magnetic moment of th is  complex,  at 
1.38B.M. is r em arkab le  close to the  value for  c o p p e r ( I I )  ace ta te  mono­
h y d r a t e  (1 .4  B .M . )  re f lec t ing  the  comparable donor  abil i t ies  of w ate r  
and  ANT.
L i te r a tu r e  s u r v e y  of similar complexes revea led  tha t  the  
room t e m p e ra tu re  magnetic moment and  the  pos i t ions  of r e f lec tance  
spe c t r a l  bands  a re  qu i te  similar to the  c o r r e s p o n d in g  va lues  for  
[Cu( AcO ) 2  .Py r id ine  N-oxide] 2 , implying the  low bas ic i ty  and the  
h igh  iT-acceptor abil i ty of ANT, and  the  coordina tion of r ing  n i t rogen  
in ANT, because  coord inat ion of -N H 2 n i t rogen  el iminates the  possib i l i ty  
of IT b a c k -b o n d in g .
The complex C u (A cO ) 2 ( 2-aminothiazo le) has  been as s igned
75a polymeric oc tahedra l  s t r u c t u r e .  However ,  the  r e p o r te d  room - tem pera tu re
-51-
























Fig .  13. Ref lectance  s pec tra  o f  [ C u ( A c 0 ) 2 . H 2 0 ] % (------- ) ,  and
(C u ( A c O )^ . ( A N T ) ]2 ( -  -  -  “ ) .
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at 1.61 B.M. ra ises  some do u b ts  about  the  acc u racy  of th is  a s s ig n m e n t ,  
b e ca u se ,  the  magnetic moment at 1.61 B.M. is well below the value of
1.9 B.M. normally o b s e rv e d  for  the  C u( I I )  ion in magnetical ly di lu te sys tems  
The t e m p e ra tu r e  dependence  of the  moment in Cu( AcO ) 2 . (  2-aminothiazole ) 
is not r e p o r t e d ,  However cons idera t ion  of the  fac t  th a t  the aniline a d d u c t
of co p p e r ( I I )  b u ty r a t e  has  a moment of 1.75 B.M. and  still r e ta in s  
the  dimeric s t r u c t u r e  of c o p p e r  b u t y r a t e m e a n s  more work shoi  
be done on th is  complex to confirm i ts as s ignm en t .
T h e re fo re ,  the  d i f f e re nces  o b s e rv e d  in the  magnetic moments 
of co p p e r ( I I )  ace ta te  a d d u c t s  of 2-aminothiazole and  ANT emphasize 
the  importance  of sub t le  d i f fe rences  be tween th e se  two l igands .  It 
is genera l ly  a g re e d  th a t  py r id ine  coord ina tes  to t r an s i t io n  metal ions 
bo th  more f r e q u e n t ly  and  more s t r o n g ly  than  aromatic amines,  for  
w hereas  anil ine can only form a classical  da t ive  l ink  to the  metal,  py r id ine  
can potentia l ly form a multiple bond t h r o u g h  par t ic ipa t ion  of qu ino id-  
t y p e  s t r u c t u r e .  Accordingly  the  d i f fe rences  in the  moments of 2-amino­
thiazole and  ANT a d d u c t s  of co p p e r ( I I )  ace ta te  could be the  r e s u l t  
of th e  abil i ty of r in g -n i t r o g e n - c o o r d in a t e d  -  ANT to form double bon d in g ,  
which p rov ides  a mechanism by  which an excess ive  accumulat ion of 
n ega t ive  ch a rg e  on the  metal from the  N*^  ^ -  Cu*^  a - b o n d  can 
be ,  in p a r t ,  a l levia ted  by means of the N*^  -  Cu*^^ Tr-bond of the
r e v e r s e  po la r i ty .  In the  case  of 2-aminothiazole,  if coord ina tion is 
t h r o u g h  -N H 2 as  in an il ine,  no such  mechanism can ex is t ,  giving 
r i s e  to th e  h ig h e r  moment.
However,  the  above a rgum e n t  does not  el iminate the  possib i l i ty  
of r i n g - n i t r o g e n - b o n d e d - 2 -aminothiazole,  because  the  electronic ch a rg e  
d en s i ty  on the  r in g  n i t rogen  may be of even  more impor tance ,  and  
the  d if fe rence  in the  magnetic moments could be a consequence  of 
the  " w-deficient" c h a r a c t e r  of ANT, in th a t  the  n i t ro  g ro u p  a t t r a c t s  
e lec t rons  from th e  - l a y e r  of the  r i n g .  In c o n t ra s t  in 2-aminothiazole 
the  lone pa i r  of -N H 2 is r e leased  to the  ir- layer of the  r i n g ,  t h e r e b y  
making it " w -ex ces s iv e" , and  lowering i ts  capacity  to form a s t r o n g  
coord ina te  l ink to co p p e r .  T h e re fo re ,  al though  the  coordinat ion si te 
in 2 -aminothiazole is not  c lear  because  of insuff ic ien t  da ta  on th is  
complex,  the  coord inat ion of ANT in [Cu( AcO) 2 . ANT] 2 is qu it e  ce r t a in ly  
t h r o u g h  the  r in g  n i t ro g en .
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3 . 9 .2 .  MCI2 . (A N T ) ;  Complexes (M = Ni, Co, Cu,  Cd )
NiClg . ( A NT ) 2 and C d C l 2 . ( A NT ) 2 a re  a s s igned  halogen- 
b r idged  polymeric oc tahedra l  s te reochem is t r ie s  with t r a n s  ANT 
molecules,  while the two isomorphous  complexes CUCI2 . ( ANT )2 and 
CoCl 2 . ( A NT ) 2 , a re  a s s igned  halogen b r id g e d ,  dimeric f iv e-coord ina te ,  
approx im ate ly  s q u a r e  pyramidal  (SP) s t r u c t u r e s .
In o r d e r  to explain  why the se  complexes may assume the 
a s s igned  s t r u c t u r e s ,  one should  c o n s id e r  the  following factors  op e ra t in g  
in the se  compounds.  Cons idera t ion  of p u r e  s te r ic  fac tors  resu l t ing  
from the  p r e s e n c e  of -N H 2 and  -N O 2 g ro u p s  would imply the formation 
of a monomeric complex,  b e c a u se ,  CUCI2 . ( th iazo le ) 2  is halogen b r id g e d  
polymeric,  w h e re a s ,  C u B r 2. (4 -m ethy l th iazo le ) 2 is chloride b r idged  
d i m e r i c , a n d  CUCI2 . (2 ,4 -d imethylth iazole )  2 is s q u a r e  p lana r .  However 
ANT being a poor  o -donor  and  a b e t t e r  i r-acceptor  would favour  
the  formation of halogen b r id g e d  polymeric complexes ,  b r idg ing  prov id ing  
a means of maintaining e lec t ro n e u t ra l i ty  at  the  metal ion. Moreover,  
d o n o r - a c c e p to r  in te rac t ion  between the  n i t ro  g ro u p  and the amine 
g r o u p ,  and  less  l ikely,  the  ir e lec t rons  of the r ing  would also favou r  
such  an a r r a n g e m e n t .  The r e s u l t  of th is  work showed th a t  the last  
two fac to rs  a r e  more im por tan t  in de te rmin ing  the  s te reochem is t r ies  
of th e se  complexes ,  espec ia l ly  in the  case  of the  Ni(II) complex w here ,  
w here  oc tahed ra l  s te reo c h em is t ry  is much more stab i l i sed  by c ry s ta l  
f ields for  the  weak field l igands  and  the C d(I I )  complex w here ,  s te r ic  
f ac to rs  a re  less impor tan t  due  to the  size of the  C d( I I )  ion .
N iC l^XANT),
The re fl ec tance  sp e c t ru m  of this  complex (F ig.  14) is similar 
to the  s p e c t r a  of NiCl2 .( thiazole ) 2 ^^ and NiCl2 • (quinoline)  2 . It is 
no ticeab le ,  however  tha t  ANT p ro d u c e s  a w eaker  field than  thiazole,  
all the  sp ec t r a l  b ands  ap p e a r in g  at  lower en e rg ie s  for  the  ANT complex 
This  may be due  e i th e r  to the  lower basic i ty  of ANT or  due  to the  
s te r i c  h in d ra n c e  caused  by the  amine and  n i t ro  g r o u p s ,  forcing e i th e r  
the  n i t rogen  atom or  the ch loride  ion to form longer  bonds  to the  
nickel (II)  ion.  The band sp l i t t ing  in the spec t rum  of this
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complex is not  clearly resolved  like the  spl i t t ing  o b s e rv e d  in the  
s p e c t ru m  of the  co r respond ing  thiazole complex and the bands  resemble  
more those  o b s e rv e d  in the  spec trum of the  s ter ical ly h in d e re d  NiCl^.-  
( q u in o l in e ) 2 c o m p l e x T h e  two bands  at  7,300 cm"^ and 13 ,200cm-l  
could be a s s ig n e d  as "A2g(F) + 3 T 2 g(F) and  ^A2 g(F) (F ) .
Assuming th a t  V2 is 18 Dq, the  calculated Dq of 733 cm"^ is in 
good ag ree m en t  with tha t  obta ined from v^(730 cm"^).  Accord ing ly ,  
like th e  NiCl2 . (thiazole) 2 the ANT complex has  an essenti a l ly  
o c t a h e d ra l  a r r an g em en t  which could be achieved by  polymeric chlor ide 
b r i d g i n g ,  with t r a n s  r ing  n i t rogen  bonded ANT molecules,  w he re ,  
h y d r o g e n  bonding  between the amine g roup  and  th e  halogen ions ,  
an d  d o n o r - a c c e p to r  in terac t ion between the amine g roup  and the  
n i t ro  g ro u p  a re  likely to exist  (f ig.  15 ) .
r i g , 15. Assumed s t r u c t u r e  of NiCl2 . ( ANT)g
The obse rved  room tempera ture  magnetic moment of 3.39 B.M.
is  h i g h e r  th a n  those  normally found for  octahedral  o r  d i s to r t ed
o c t a h e d ra l  complexes of n icke l ( I l ) ,  and is in the  r an g e  for  ha logen-
109
b r i d g e d  t e t r ag o n a l  nickel species(3 .3  - 4 .0 B .M .) .
However ,  in an octahedral  complex,  the  n icke l ( I l )  ion has  a 
g ro u n d  s t a t e ,  for  which no orbital  contr ibut ion to the  magnetic moment 
is e x p e c t e d ,  b u t  as  the ligand field p resen t  in th is  complex is r a t h e r  
weak,  th e  "mixing-in" of the  ’ T , 9 f ir s t  excited s ta te  by  s p in -o rb i t
29
-55-
coupl ing  may be apprec iab le .  The value of calculated  by us ing  the
re la t ionsh ip  p = 2 .8 4 1X^, (T -  0 ) ) ^  , c o r re s p o n d in g  to fer romagnet ic
in te rac t ion ,  is 3.29B.M.,  and falls in the r a n g e  r e p o r te d  for  o th e r
halogen b r idged  Ni(II)  complexes where  fer romagnetic  in terac t ion  
109takes  place.
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Fig.  14. Ref lectance  spec t rum  of NiCl; . (A N T );
and
C o C U . ( A NT ) ,
The room te m p era tu re  magnetic moment of th i s  complex,
4.36 B .M . ,  is in the  r a n g e  of magnetic moments r e p o r t e d  for  h igh -  
s p in ,  f ive -coord ina te  Co(II)  complexes (4.2 -  4.4 B . M . ) .  The re f lec tance  
s p ec t ru m  of th is  complex (f ig.  16),  which shows a band  at  6,300 cm 
a band at 14,700 cm  ^ is typical  for  s q u a r e  pyramidal  SP s t r u c t u r e s ,  
b eca u se ,  h i g h - s p in ,  f ive -coord ina te  Co(I I )  complexes normally p roduce  
two major visible spec t ra l  bands  at  (5 .0  -  6 .5 )  x 10^ and  (14.0 -  16.0)  
x 10^ cm Complexes with SP Co(II)  r a t h e r  th an  TBP, typ ical ly  have  
t h e i r  lowest e n e r g y  band sh if ted  to the  h igh end  of the  low r a n g e .
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The d ec re a se  in the  magnetic moment at low te m p e ra tu r e s  is p robab ly  
due  to an t i fe r rom agne t ic  in te rac t ion  in th i s  ch loride b r id g ed  dimer,  
because  o rb it a l  con t r ibu t ion  to the  magnetic moment is quenched  
in f ive coordina te  coba l t ( I I )  complexes and moments in d e p e n d e n t  
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F ig .  16.  R e f l e c t a n c e  s p e c t r u m  of  C oCl^ . ( A N T ) ;
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C u C U . ( A N T ) ,
The magnetic moment co r re c t e d  for  an t i fe r rom agne t ic  i n t e r a c t i o n , 
is 1.96 B.M. and is in the r a n g e  of moments r e p o r t e d  for  f ive-  
coord ina te  C u(I I )  ions (1.7 -  2 . 2 B .M . ) .  The m easured  Weiss c o n s t a n t ,
0 = -13 K ( tab le .  14) is smaller th an  the  r e p o r te d  va lues  for  l inear  
chain py r id ine  examples which a re  in the  r an g e  ( 2 0  -  26K); it is even  
smaller  th an  the  Weiss co n s tan t  for  the  dimeric C u C lz . (2 -m ethy l -  
p y r i d i n e ) 2 complex which is -17 K A c c o r d i n g l y  the  in te rac t ion  
between the cen t ra l  metal ions in th is  complex i s  qu i te  small,  ind ica t ing  a 
longer  C u-C u  d is ta nce .  If th is  complex is indeed  a "magnetic dimer",  th en  
the Weiss co n s tan t  is re la ted  to J  (w here  J  is the  exch a n g e  e n e r g y  
which is posi t ive for  an t i fe r rom agne t ic  behav iou r )  by  -0 = 1 /4 J ,
giv ing J  = 52, and  the  cri t ical  t e m p e ra tu r e  by - 0  = 2/57%, giving 
T% = 32.5
The e . s . r .  s p e c t r a  of pow dered  CUCI2 . ( ANT) 2 gave th r e e  
rhombic-g  values  a t :  g^ = 2.054,  g^ = 2.131,  g^ = 2.205 ( f i g . 17 ) .
The information which can be d e r iv e d  from rhombic g values  is 
widely d i s c u s s e d  by many a u t h o r s . T h e  lowest g, value
115which is g r e a t e r  than  2.04 r e s t r i c t s  the  possibi l i t i es  to the  following:
(a) e longa ted  rhom bic -oc tahed ra l ,  (b)  rhombic s q u a r e - c o p l a n a r ,
(c)  d i s to r t e d - b a s e d  pyramidal ,  (d )  elongated  axial symmetry ,  with 
s l igh t  misal ignment of the  p r inc ipa l  axes .
The  ref lec tance  s pec t rum  ( f i g . 18) shows a b road  band  c e n t r e d  at  
13,500 cm ^ . Ref lectance s p e c t r a  of C u ( I I )  complexes a r e  genera l ly  
poor ind ica to rs  of geometry ;  however ,  it has  been s u g g e s t e d  116 
tha t  TBP C u( I I )  will a b s o rb  in the  r an g e  (11.8 -  12.5)  x 10^ cm ] 
w hereas  SP C u( I I )  will a b s o rb  between (14.5 -  18.2)  x 10^ cm ,  ^
and  complexes hav ing  in te rmedia te  geometries will a b s o r b  at  in te rmedia te  in 
va lues .  Therefo re  CUCI2 . (  ANT ) 2 can be bes t  d e s c r ib e d  as in te rmedia te  
s t r u c t u r e ,  resembling more SP.
The conclusion de r ived  from the  re f lec tance  spec t rum  is in agreem en t  
with the  e . s . r .  r e s u l t s ,  tha t  gave g^ to be 2.054 ,  because  g^ 
va lues  for  TBP are  smaller than  2.04.  Accord ing ly ,  like the  C0 CI2 . (A N T ) 2  
complex,  a f iv e -coord ina te ,  dimeric SP s t r u c t u r e ,  with b r idg ing  
ch loride  ions could be a s s igned  to th is  complex.
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F ig.  18. Ref lec tance  s p e c t r a  of  Cu SO^. ( A N T ) (DMF) (—. —. _ . —) 
CuCl2 . ( A N T ) 2  (--------------) ,  and  CUCI2 . (ANT)(DMF) ( ------------ )
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C d C l , . ( A N T ) ,
The I . R .  and U.V. s p e c t r a  of this  complex a re  almost identical  
to the  c o r re s p o n d in g  s p e c t r a  of NiCl; . ( ANT)  ^. T he re fo re ,  the s ig n i ­
f icant  d i f fe rences  in th e i r  x - r a y  powder  p h o to g ra p h s  ( f i g s . ,  3 ,4 )  could 
be re la ted  to the  d i f fe rences  in size of Ni(II) and  C d ( I I ) ,  and  the 
d is to r t ion  of the  geometry  r e s u l t in g  mainly due  to size effects .  Accord ing ly ,  a 
polymeric,  c h lo r id e -b r id g e d ,  oc tahed ra l  s t r u c t u r e  could be as s igned  
to th is  complex.
3 . 9 .3 .  Metal(I) Complexes 
AgN0 , . ( A N T ) 2  and  C uC l . (A N T )z
The I . R .  spec t rum  of AgNO^ . ( ANT ) 2  exh ib i t s  the ch a ra c te r i s t i c
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b an d s  fo r  n i t r a t e  ion bonded to a metal ion. The b ands  at 824 cm ,
1040 cm ^ , and  1330 cm  ^ a re  t h r e e  of the five c h a ra c te r i s t i c  bands  
assoc ia ted  with the  n i t r a t e  ion,  the  o th e r  two being masked by 
the  l igand b a n d s .  The ref lec tance  s p e c t r a  of the se  two complexes 
show a rem arkab le  inc rease  in the  in tens i t i es  of th e  b ands  in the  
reg ion  (20 -  30) x 10^ cm  ^ and  could be a t t r i b u t e d  to an in te rac t ion  
betweem the  metal (I )  ions and  a ir-acceptor .
3 . 9 .4 .  Mixed MeOH Metal(II) Complexes
N iB r^ . (A N T ) 3 .(MeOH)
The elect ronic spec t rum  of th is  complex is typical  for  tetragonally
d i s to r t e d  oc tahed ra l  spec ies ,  assuming symmetry .  T h e re fo re ,
the  b an d s  may be as s igned  as follows, ^ ^B_. (7,300cm  ^),
Ig  2 g_
^B, >E (8,800cm ^) ,  "B, + 3 (12,500 cm " ) ,  "B, + (F)
1 ë 1 8   ^ E ê
(14,200 cm ) .  The var iable  t e m p e ra tu re  magnetic measurements
revea led  th a t  the  ca lcula ted  = 3.20 B.M. is i n d e p e n d e n t  of
t e m p e ra tu r e ,  indica t ing the monomeric s t r u c t u r e  of th i s  complex,
w here  each nickel  ion is s u r r o u n d e d  by  one MeOH, th r e e  ANT molecules,
and  two bromide ions.
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N i( N C S ) , . (  ANT),  (MeOH), and  Ni(NCS ) , . (  ANT ) ,  (MeOH )
It was noticed  th a t  a f t e r  the  magnetic suscep t ib i l i ty  m e asu re ­
ment exper im en t  following the  p ro c e d u re  d esc r ibe d  in the  experimenta l  
p a r t ,  the  color of N i (N C S) 2 * (A N T ) , (MeOH) ,  had  changed  from 
brown-ye llow to b r i g h t  g r e e n .  The I .R . ( f i g s .  19 ,2C), re f lec tance  
s p e c t r a ( f i g .  21  ) ,  and elemental ana lys i s  s u g g e s te d  the loss of one 
molecule of MeOH. Such beh av io u r  is not  u n u s u a l  for  Ni(NCS) ,  
complexes.  In thermal  ana lys is  of N i ( S O N ) ^ ( p y r i d i n e ) ^ ^  the  
formation of the  in te rmedia te  Ni (S O N ) , ( p y r id in e )  2 was de tec te d .
On the  basis  of the  information ob ta ined  from the  de r iva tog ram .
Ni (S O N ) , ,  (p y r id in e )  2 was p r e p a r e d  by  hea t ing  a sample to a t e m p era tu re  
co r r e s p o n d in g  to the  hor izonta l  sect ion of the  TG c u r v e , a n d  
by  ' f reez ing  in'  the  reac t ion  by  rap id ly  removing the  fu rn a c e .  It 
was found th a t  Ni(SON) , .  ( p y r i d i n e ) 2  conta ined  th iocyanate  b r id g e s ,  
while in N i (N C S) 2 . ( p y r id in e )^  the  SON ~ was N -bonded  as the  isoth io-  
cyana te  complex.  The magnetic moment of the  original  complex and the  
decomposit ion p r o d u c t  were ident ica l  (3.10 and  3.12 B .M . ,  r e spec t ive ly )  
exc lud ing  the  poss ib i l i ty  of ex ten s iv e  stereochemical  r ea r r a n g e m e n t  
d u r in g  thermal  decomposit ion.
Pro longed  hea t ing  of a sample of Ni( NCS) 2 *( ANT ) ,  (MeOH ),  
in th e  tu b e  u sed  for  magnetic measurem ent ,  at  1G0°C, did not change  
i ts  composit ion,  n o r  did re p e a t in g  the magnetic suscep t ib i l i ty  exper iment 
f i r s t  by  hea t ing  to 90°C and th e n  cooling to l iquid n i t rogen  tem pera ­
tu r e  b r in g  abou t  any  c hange ;  how ever ,  r e p e a t in g  the  exper iment 
u n d e r  the  d e s c r ib e d  condi t ions ,  gave th e  same r e s u l t .  Consequen t ly  
it  seems th a t  the  change  occu red  e i th e r  because  of the  slow ra te  
of cooling o r  due  to the  combined e f fec t  of cooling and the magnetic 
f ield.  The magnetic moment,  ca lcula ted  by  us ing  the  molecular  mass 
of N i (N C S ) 2 . (A N T ) 2 (MeOH) 2 and  the  diamagnetic cor rec t ion  associa ted 
with i t ,  was found to be co n s tan t  at  3.20 ± 0.05 B.M. The fact tha t  
t h e r e  was no change  in the  weight  of the  tu b e ,  because  the  tube  
was sea led ,  makes th i s  measurement qu i te  reasonab le .  Such a case 
is r e p o r t e d  for  ( C U3 B r 3 . guan in ium. n H , 0 ) ,  and  is a sc r ibed  to 
s l igh t  ch an g e s  in the  lat t ice  which change  the  C u - B r - C u  angle and 
the  delocalisat ion p ro p e r t i e s  of the  b r id g in g  l igand  to ju s t  compensate 
fo r  the  expec ted  d e c re a se  in th e  moment.
- 6 2 -
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Fig.  19. I n f r a r e d  spec t rum  of Ni (NCS) g. (A N T ) 2 (MeOH) 2  as  KBr pellet,
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F i g .  20.  I n f r a r e d  s p e c t r u m  o f  Ni ( N C S )  %. ( A N T )  % (MeOH) as  KBr pel le t
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Fig.  21. Reflectance s p e c t r a  of Ni( NCS) 2 • ( ANT) 2 (MeOH ) 2 (- 
and N i(N CS)2 . ( A N T ) 2 (MeOH) (------------ ).
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The in f ra red  spec t rum  shows th a t  the  -C=N s t r e t c h in g  vib ra t ion  
fo r  Ni(NCS) 2 . ( ANT ) 2 (MeOH ) 2 is at  2107 cm  ^, and the band at 818 cm  ^
a s s ig n e d  as -C=S s t r e t c h in g  v ib r a t io n ,  is in the  reg ion expec ted  
for  an N -bonded  i so th iocyanate  ion.  In the  spec t rum  of N i(NCS) 2
. ( ANT ) 2 (MeOH ), th e  -C=N s t r e t c h in g  v ib ra t ion  band is spl i t ;  t h r e e
- 1  -1  -1  b a n d s  at 2125 cm , 2105 cm and  2072 cm a p p e a r  and indicate
tha t  one of th e  NCS ions is N b o n d ed ,  while the  o th e r  is an N and
S b r id g in g  ion ( f igs .  19,20).
The ref lec tance  s pec t rum  of Ni( NCS ) 2 . ( ANT ) 2 (MeOH ) 2shows 
s u b s t a n t i a l  band  sp l i t t ing  and  t h e  complex can be as s igned  
symmetry  as follows, ^B^^(F)  — k ^ B ^ ^ (F ) at 8,500 cm \  ^B^^( F )
(F) at 10,500 c m " \  ^B, (F) — k^A_ (F) at  14,000 cm"^ and 
^B ^^(F)  —>-^E^(F) at 16,500 cm . The sp l i t t ing  of t h e  bands  in
the  re f lec tance  s pec t rum  of N i(NCS ) 2  . ( A N T ) 2 (MeOH^ has  d i s a p p e a re d ;
-1  -1  the  two b an d s  at 9,200 cm and  15,700 cm may be a s s igned  as
^ A ^ ^ ( F ) —► ^T^g(F)  and  ^A^g(F) —»-^T^^(F) in O^ symmetry ( f i g . 2 1 ).
Although the  ac tual  a r r a n g e m e n t  of l igands  a ro u n d  t h e  n ic k e l ( l l )  
ions in th e se  complexes is not known it is e xpec ted  th a t  the two 
ANT molecules a re  t r a n s  to each o th e r  due  t o  t h e  s te r ic  fac to rs  involved 
T h u s ,  Ni(NCS) 2 . ( ANT ) 2 (MeOH ) 2 is s ix coord ina te ,  monomeric,  s u r r o u n ­
ded  with two ANT molecules,  two N -bonded  NCS ions and  two MeOH 
molecules,  while Ni(NCS ) 2  . ( ANT ) 2  (MeOH ) is o c tah ed ra l ,  dimeric,  
w here  tw o  n icke l ( I I )  ions a re  joined by  an N- and  S -bonded  NCS 
i o n .
CoCl2 . (A N T ) , (M e O H )2
The r e f lec tance  spec t rum  of th is  complex ( f i g . 22) cons is t s  
of two b a n d s  at about 7,300 and 18,700 cm . For o c tahed ra l  c o b a l t (11) 
complexes th r e e  b ands  a re  expec ted  c o r r e s p o n d in g  to the  t h r e e  s p in -  
allowed t r an s i t io n s  "^ T ( F ) -»^T_ (F) (V ), "^ T^  (F)  —k^A, (v ),
4 4 1 b 2 g 1 Ig  ^
and  T^ (F) — ► T, (P) (v ). However,  it has  been poin ted out  
® B 4  ^ 4
t h a t  th e  t r ans i t ion  T ^ ^ (F )  — ► A^^ c o r r e s p o n d s  to a tw o-e lec tron
jump and  as such  will have  a much lower osci l lator  s t r e n g t h  than
the  o th e r  two b a n d s  and will be much weaker.^^^The band  at 7,300cm
















Fig.  2 2 . Ref lectance  s p e c t r a  of CoClj . ( ANT ) 2 (MeOH ) 2 
and Co SO^.(ANT)^(DMF)^  ( ................. ).
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can th e r e f o r e  be a s s ig n ed  to th e  v. t rans i t ion  and the  band at  
18,700 cm to the  v_ t r a n s i t i o n ,  and  the weak s hou lde r  at  about
_ I ^
14,500cm could be as s ig n ed  to a t r an s i t io n .
3 . 9 .5 .  Mixed DMF Metal(II) Complexes
NiCl2 . ( A N T ) 2 (DMF )2
The c o n s ta n t  magnetic moment of th i s  complex Pgff = 3.20 
B .M . ,  and  the  r e f lec tance  s pec t rum  indica te  i t s  oc tahedra l  n a t u r e ,  
each  n icke l ( I I )  ion be ing s u r r o u n d e d  by  two ANT, two DMF molecules 
and  two chloride  ions .  The b an d s  in the  visible reg ion  may be a s s ig n ed  
as  ’ A j g ( F )  ♦ ^ T j g ( F )  at 8 , 0 0 0  cm"^ and  3 A ,g (F )  * ’ T j g ( F )  at
14,000 cm  ^ in Oh symmetry .
Ni SO^.(ANT)^(DM F)^
The in f r a r e d  s pec t rum  of th is  complex shows four  bands  at
983 cm \  1045 cm ^ , 1075 cm  ^ and 1153 cm  ^ s u g g e s t in g  tha t  the
symmetry  of the  SO.^  ion is r e d u c e d  to C^y,  c h a ra c te r i s t i c  of 
2 -b id e n ta te  SO^ ion.
M
O O M— O ^ O — M
Bi de nt a t e  complex Bridged b i d e n t a t e
( C, y)  complex (C, ^)
The re f lec tance  spec t rum  s u g g e s t s  th a t  th i s  complex assumes
:dral  geom etry .  The b an d s  and  c o r r e s p o n d  to  ^A % g ( F )
^TjgCF) and  ^Azg(F) + ^ T ^ g (F ) ,  ap p e a r in g  at  8,300 cm 
-1and 14,800 cm . Assuming th a t  is 18Dq, the  ca lcula ted Dq
of 822 cm”  ^ is in good ag reem en t  with th a t  ob ta ined  from (830 cm  ^)
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Co SO^.(ANT)^(DMF)g
The re f lec tance  spec t rum  of th is  complex is similar to th a t  of the
violet isomer of C o ( p y r i d i n e ) 2 Cl^ in which the  cobalt  is s ix -coo rd i -  
121n a te .  By analogy with the  band  ass ignm en ts  of F e rg u s o n ,
the  b a n d s  at about  18,800 and  19,500 cm  ^ a r i se  from the  ^T,  (F)
T, (P) t r ans i t ion  which is spl i t  in complexes of D., symmetry  
ê  - 1  4 4
or  lower.  That  of 14,700 cm a r i se s  from the T, (F) + A-,
_1 Ig 2 g
t r a n s i t i o n ,  and the  band at  8 , 0 0 0  cm ar is ing  from the t rans i t ion
^T, (F)  ^T^ (F) (f ig.  2 2 ) .  The in f r a r e d  bands  at  980cm ]
® -1 ® -1  -1 1,045 cm , 1,112 cm and  1,155 cm indicate th a t  the  su lpha te
ion is b id e n ta te  assuming C 2 V symmetry .  The room te m p era tu re
magnetic moment at  5.17 B.M. and  the  rem arkab le  d ec rease  in the
moment with d ec re as in g  t e m p e ra tu r e  ( table 13) a re  cons is ten t  with
the  p roposed  s t r u c t u r e .  Any an t i fe r romagne t ic  exchange  could not
be d e t e c t e d ,  because ,  if p r e s e n t ,  it was o b s c u re d  by the  magnetic
p r o p e r y  exh ib i ted  by oc tahed ra l  coba l t( I I )  complexes.
C uC l2 . (ANT)(DMF)
The posit ion and  th e  shape  of the  b road  band  in the  re f lec tance
- I
sp ec t ru m  at 14,500 cm are  similar to f e a tu r e s  o b s e rv e d  in the  spec t rum  
of CUCI2 . ( thiazole)  2 and  CuClg . (pyr id ine  )2 ( f ig . 18).  which have  
ha logen  b r id g e d  oc tahedra l  g e o m e t r y T h e  magnetic moment measurement 
r e s u l t s  ind ica ted  the  an t i fe r romagne t ic  n a t u r e  of th is  complex with 
6 = -10 K. The value of 6 for  CUCI2 . ( ANT) ( DMF) is less  than
the  c o r r e s p o n d in g  value fo r  the  py r id ine  analogue ,  ind ica t ing  longe r  
Cu -  Cu d i s ta n c e s .
The e . s . r .  spec t rum  reco rded  at  room te m p e ra tu r e  is shown 
in f igu re  23, At IlOK a less reso lved ,  f l a t t e r  spec t rum  is obta ined  
with s l igh t  sh i f t s  in the  g va lues .  The spec t rum  is axial with 
gj_= 2.108,  g II = 2.301 with g | , |>g^ .  Cons ider ing  the  da ta  obta ined  
from the  re f lec tance  spec t rum  and magnetic m easurem en ts ,  the  e . s . r .  
r e s u l t  could be re la ted  to an elongated  te t r a g o n a l -o c ta h e d ra l  s t r u c t u r e  
of th is  compound ,  because  g || > 6j_is associated  with t e t ragona l ly
122elongated  o c t a h e d ra ,  while g < g is for  compressed  o c t a h e d ra .
123In the axial sp ec t ru m ,  the  g -va lue s  a re  re la ted  by the ex p re s s io n .
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G = g II -  2 / g ^ -  2 s 40. If  G >40,  then  the local te t ragona l  axes  
a re  a l igned  paral lel  o r  only s l igh t ly  misal igned;  if G < 40, s ignif ican t  
e x c h a n g e  coupling is p r e s e n t  and the  misal ignment is apprec iab le  
(assum ing  ^ ^  and  th e  en e rg i e s  of the  elec tronic  t r an s i t io n s
involved  a re  com parab le ) .  In the  case of CuClz . ( ANT ) ( DMF ),
G = 2.79 s ign if ican tly  lower than  40, ind ica t ing  exchange  coupling as 
ev idenced  from the  magnetic measurements ,  and  misalignment of the  axes
H (  k G )2 . 9 3 .  1 3 . 32 . 7
Fig. 23. E . S . R .  spec t rum  (X ban d )  of po lyc rys ta l l ine  CuCl j  . ( ANT ) (DMF)
Cu SO^.(ANT)(DMF)
- 1  -1F our  b a n d s  in th e  i n f r a r e d  s p e c t ru m ,  at  995 cm , 1065 cm, 
-1  -11133 cm and  1170 cm indicate a C 2 ^ symmetry  for  the  su lpha te  
i o n .
- 1
The posit ion of th e  b ro a d ,  f e a tu re le s s  band  at 1100 cm 
in th e  re f lec tance  sp ec t ru m  would f av o u r  t e t r a h e d r a l ,  r a t h e r  than  
s q u a r e  p la na r  geometry (w hich  usually  a b s o rb  at h ig h e r  e n e r g i e s )  
( f ig .  18).
The e . s . r .  s pec t rum  re c o rd e d  at room te m p e ra tu re  is shown 
in f ig u re  24. The sp ec t ru m  is not symmetrical  and has  a peak  to 
peak  line width at  ca.  260G indica t ing  the  p re s e n c e  of exch a n g e  
coupl ing .  In a paramagneti c  complex the  aniso t ropic exch a n g e  is
-69-
2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7
H(kG)
Fig.  24. Room te m p era tu re  e . s . r .  sp ec t ru m  ( X -b a n d )  of polycrys tal l ine 
Cu SO^.(ANT)(DMF).
a line b roaden ing  mechanism, w h e reas ,  the  iso tropic  in te rac t ion  is
a l ine -na r row ing  te rm.  O the r  l in e -b ro ad en in g  mechanisms such  as
d ipo lar  and  h y p e r f in e  f ields would be e x p ec ted  to co n t r ib u te  at most
1 2 5a few guass  to the  line width and  may be safely  neg lec ted .  
Antisymmetrica l  excha nge  seems unl ike ly  to p rov ide  an exp lanation  
fo r  th e  line width b ecause ,  it is of ten  assoc ia ted  with a p ronounced  
te m p e ra tu r e  d e p en d e n ce .  No s ignif icant  var ia t ion  with t e m p e ra tu re  
was o b s e rv e d  in the  s pec t rum  r e c o rd e d  at  100 K eliminating the  
possibi l i ty  th a t  an ti symmetrical  exch a n g e  is th e  cause  of line b roaden ing  
in th i s  complex.  Such broad  line w id ths  a re  o b s e rv e d  in many 
b ide n ta te  l igands  th a t  p rov ide  fo r  th e  possib i l i ty  of an excha nge  pa thway  
th a t  may be in t r a  o r  in te rcha in  in c ro s s - l in k e d  s t r u c t u r e s .  The 
e x ch a n g e  pa thway in th e  case  of Cu 5 0 ^ .  ( ANT) ( DMF) could e i th e r  
be p rov ided  by the  b iden ta te  su lpha te  ion,  o r  ANT could weakly 
in t e r a c t  by  e i th e r  of the  possib le  donor  s i tes  with o th e r  C u ( I l )  ions .
The magnetic s u scep t ib i l i ty  da ta  gives a value of 6 a t  -  30K 
( tab le .  15),  indicat ing an an t i fe r rom agne t ic  exch a n g e  which a p p a re n t ly  is 
p ro p a g a t e d  t h r o u g h - s p a c e  via O—O in te rac t ions  in the  _
O' O
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moities of a su lpha te  b r id g e .
3.9.6. CuC1^.(HANT)2
Comparison of the in f r a r e d  s p e c t r a  of ANT ( f i g . 2, page 27), 
HANT (fig .  10, page 45 ),  and  C uC l^ . (H ANT )  ^ ( f ig.  25) clearly 
s u g g e s t s  th a t  ANT ex i s t s  in the  p ro to n a t ed  form in th is  complex.
The  b a n d s  associa ted  with HANT are  all p r e s e n t  in the in f r a re d  
spec t rum  of the  complex, with small nega t ive  sh i f t s  in f requenc ies  
of the  b ands  c o r re s p o n d in g  to v NHj  and  r in g  s t r e t c h in g  v ib ra t ions .
The re f lec tance  spec t rum  of CuCl^.  (HANT )^ shows a broad
band  c e n t r e d  at 13,000 cm  ^ ( f i g . 18). It is r e p o r t e d  tha t  compounds
of the  ty p e  A^CuCl^ e i th e r  contain  a te t ragona l ly  e longated  CuCl^
chromophore  o r  a d i s to r t e d  t e t r a h e d r a l  CuCl^^" ion.  The bes t  example
of s q u a re  cop lanar  CuCl^^“ is P t (N H 3 )^CuCl^.  Hatf ield and P iper
m easured  the  re f lec tance  spec t rum  of th is  powdered  compound and
o b s e rv e d  th r e e  d - d  b ands  in the  r a n g e  (10 -  15) x 10^ cm .
Fur lan i  et al. measured  the  c ry s ta l  s pec t rum  at 77 K of
( C H 3 N H 3  )^CuCl^ contain ing  the  CuCl^ te t r a g o n a l  chromophore and
o b s e rv e d  t h r e e  bands  in the  r a n g e  (10 -  14) x 10^ cm  ^ which were
as s ig n ed  with the  orb it a l  s equence  d ,  2  ^ 2  ^ > d^  ^ x^ -y^  xy  x y , y z
Willett, Liles and  Michelson r e p o r t e d  the  pow der  re f lec tance  s p e c t r a
of seve ra l  t e t r a c h l o r o c u p r a t e s ( I I ) conta in ing  th e  CuCl^ t e t r agona l
ch romophore ,  and  o b s e rv e d  a b road  band  at  about  13,000 cm  ^ with
a s h o u ld e r  at (10 -  11) x 10^ cm . A num ber  of compounds
of the  type  A^CuCl^ con ta in ing  d i s c r e t e  CuCl^^" ions ,  which a re
f la t tened  t e t r a h e d r a ,  have  been  s tu d ie d  by means of th e i r  elect ronic
s p e c t r a  Cs^uCl^(NMe^ ) 2 CuCl^, b is( tr imethylbenzy lammonium)
t e t r a c h l o r o c u p r a t e ( I I ) , show b an d s  at abou t  9,000 cm ^ , 6,000 cm }
and 4,000 cm  ^ in th e i r  pola rized c ry s t a l  s p e c t r a .  Accord ingly ,
-1
the  posit ion of the  d - d  t r ans i t ion  band  at  13,000 cm is in the  r an g e  
assoc ia ted  with t e t ragona l ly  elongated  CuCl^ c h ro m o p h o re s . Moreover,  
the  ch a rg e  t r a n s f e r  band  + d ^ 2 _yZ o b s e rv e d  in the  s p e c t r a
of CuCl^ chrom ophores ,  as  ( CH3 CHNH3 ) ^"^CuCl^, ( CH 3 NH 3 l^Cl^ , and
(C^H^NH^l^CuCl^ 1 2 6 , 1 2 8 , 1 3 1  y^^^^een 24,000cm“  ^ and  25,000 c m ' l  
also a p p e a r s  in the spec t rum  of CuCl^ (H A N T)^ . Another  fac tor  s u p p o r t in g  






















ch rom ophores  f a v o u rs  the  formation of s q u a re - c o p l a n a r  CuCl^^ r a t h e r  
than  t e t r a h e d r a l  CuCl^^“ ion.
The e . s . r .  s p e c t r a  of a nu m b e r  of A^CuCl.  compounds
1 2 8  131hav ing  s q u a r e  cop lanar  CuCl^ moieties have  been s tu d ie d .  ’ These  
complexes a re  formed by  e s sen t ia l ly  s q u a re - c o p la n a r  CUCI4 moitiés 
l inked  t o g e th e r  accord ing  to th e  scheme shown in f igure  26. Tv/o 
chloride  atoms a re  te rm inal ,  while fo u r  a re  b r id g in g .  All the  terminal  
bonds  a re  s h o r t  and  a r e  almost paral lel  to each  o th e r ,  while the b r idg ing  
ch lorine  atoms form a two-dimensiona l  l a y e r  s t r u c t u r e .  A detai led 
s tu d y  of e . s . r .  s p e c t r a  of NHa(CH )% )aNH3 CuCl4 has  been per formed 
The c ry s t a l s  a re  o r th o rh o m b ic , space  g ro u p  and the
or ien ta t ion  of c o p p e r  o c t a h e d ra  in the  c ry s ta l  is as  shown in f igu re  
27. The la y e r  is p u c k e r e d  by  can t ing  CuCl^ un i t s  by  1.6° and 
9.6°  in the  a and  c d i rec t ions  r e s p e c t iv e ly .  The l aye rs  a re  s e p a ra ted  
by  l aye rs  of p ro to n a ted  amine ca t ions .  The e . s . r .  sp ec t ru m  of
Cl
Cl----- Cu—Q- - - - - - Cu Cl
?:i I
 “Cu- - - - - Cl— Çu—Cl
6
Fig.  26. A scheme of the  s t r u c t u r e  of A^CuCl^ complexes.  Two 
o th e r  Cu -  Cl s h o r t  bonds  p e r  Cu c e n t r e  a re  o r thogonal  
to the  plane.
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Fig.  27. Schematic r e p r e s e n t a t i o n  of the  s t r u c t u r e  of the CuCl^ 
chromophore  in {NH3 ( CH2 ) 2 NH3 ] C u C l^ ( r e f . 132).
NH3 (C H 2 ) 3 NH3 CuC 1^  showed th a t  one p r inc ipa l  g di rec t ion  is para l lel  
to b with g, = 2.053,  and  th a t  the  p r inc ipa l  g^_ values  a re  isot ropic
1 po
(2 .169 ) ,  typ ica l  of CuCl^^" moitiés.  Assuming th a t  g ^  = gj_ of the  
molecule,  g „ is found to be 2.285,  a value which compares well with 
those  usua l ly  r e p o r t e d  for  e longa ted  o c tahed ra l  c o p p e r ( I I )  complexes.  
This  s i tua t ion  is often r e f e r r e d  to as a n t i f e r ro d i s to r t iv e  o r d e r  of 
o c t a h e d r a ,  in which in one p la ne ,  long and  s h o r t  axes  a l t e rn a t e  
acco rd ing  to the  scheme shown in f ig u re  26. P e rp e n d ic u la r  to th i s  
plane a s h o r t  (o r  a long) axis  is found in the  case  of e longated  (o r  
com pressed )  o c tah ed ra  r e s p e c t iv e ly .  In th is  case only one molecular  
g value is ob ta ined ,  which is th a t  p e rp e n d ic u la r  to the  plane and  
is the  molecular gj^ component  for  both e longated  and  com pressed  
o c t a h e d ra .  In the plane the  molecular  g n and  gj_ va lues  a re  a v e ra g e d  
by th e  exchange  in te rac t ion  and  the  c ry s t a l  g value cannot  be taken  
as molecular g value.
1 33
A possible deviat ion from the  a n t i f e r ro d i s to r t iv e  limiting case  
occu r s  when the long axis  of the  magnetical ly in equ iva len t  molecules 
form an angle 2 Y ^ 90, (see f igu re  28).  It is shown,  by s t a n d a r d  
te ch n iq u es  tha t  the pr incipa l  g va lues  in the plane a r e  re la ted  to 
the molecular values th ro u g h  the  following re la t ions
g! = cos^Y + g^sin^Y
gg = g^ i, Y + g^ cos^Y
-74-
Fig.  28. A p e r tu r b a t io n  of the  an t i f e r ro d i s to r t iv e  o r d e r  
with the  angles  be tween long axes  ^ 90°. The th i rd  bond direc t ion 
is o r thogona l  to the  p lane .
From the  above  formula it is a p p a r e n t  th a t  for  2 Y = 90° the 
s p e c t r a  will be isot ropic in the  p lane ,  while for  2Y # 90° anisotrop ic 
components will show u p .  Angles 2 Y d i f f e re n t  from 90° can or ig ina te  
from bond ang les  d i f f e re n t  from 90° in the  p seudo  oc tahedron  or  
from a tw is t ing  of the  elongation axis of two o c tah ed ra  re la t ive  to 
each o th e r .  When long and  sh o r t  bonds  of the  oc tah ed ra  do not 
lie exac t ly  in a p lane ,  c ry s ta l log raph ic  g values  do not yield the  
molecular values  d i r e c t ly ,  s ince no symmetry  r e s u l t s .  However,  if 
t h e  atomic d i s to r t ions  a re  small and  the  n o n -p la n a r i ty  of sh o r t  and 
long bonds  is minimal, then  one may r e f e r  to the  an t i f e r ro d i s to r t iv e  model 
and  will f ind th a t  the  two pr inc ipa l  c ry s ta l log raph ic  g values  almost 
b isec t  the  ang les  formed by  the  c o p p e r  donor  bonds .
The e . s . r .  s p e c t r a  of CuCl^. ( H A N T w a s  reco rd ed  at 
room te m p e ra tu r e ,  at 107 K and at 373 K. No te m p era tu re  depende nce  
was o b s e r v e d .  The g an iso t ropy  was completely re so lved .  The th r e e  
g va lues  a re  at  g^ = 2.044, g^ = 2.125 and  g^ = 2.170 (f ig .  29).
The value of g^ is g r e a t e r  th an  2.04 s u g g e s t in g  tha t  th is  complex 
assumes  e i th e r  an elongated  rhombic o c tahed ra l  symmetry  or  elongated  
axial symmetry  with sl ight  misal ignment of the  principa l  axes .
I t is known th a t  pow der  e . s . r .  t e chn iques  yield only approximate 
c r y s t a l  g va lues ,  and could yield only the  local molecular  g values
if the  c ry s t a l  s t r u c t u r e  is known.  However ,  for  the sake  of comparison 
with o th e r  A^CuCl^ ch ro m o p h o re s , and  to gain in s igh t  into the cause  of 
a n i s o t ro p y ,  the  site g t e n so r s  and y, half  of the  angle between
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H ( k G )3 . 33 . 12 . 9
Fig.  29. Room-tempera tu re  e . s . r .  spec t rum  (X band)  of 
po lyc rys ta l l ine  CuCl^.  ( HANT )^ .
the  te t r agona l  axes  of nonequiva len t  s i tes  were calcula ted us ing  
the  g values  ob ta ined  from the powder  e . s . r .  te chn ique .
122Following the  ana lys is  of Ber t ini  et al. and  with the
assumpt ion  tha t  the copper  s i tes  a re  of te t ragona l ly  d i s to r t ed
o c tahedra l  symmetry ,  and us ing  the  formulat ion of Abe and 
134Ono, the  si te  g t e n s o r s  a re  re la ted  to the  c ry s ta l  g t e n so r s  by;
g l  =
g 2 = s i  c o s ' ?  + g; sin
g i  =  g ]  s i n ^ Y  +  g ]  c o s ^ Y
“7 6-
where  and  g y a re  the  si te g va lues .  For CuCl^ . ( HANT)^ , 
th e  ca lcula ted  r e s u l t s  a re  g^ = 2.044,  g y = 2.25,  and y =  38 .5°,  
implying 77° misall ignment of the  pr incipal  axes  and not close 
to 90° as o b s e rv e d  for  many CuA^Cl^ chrom ophores .  The 
misalignment of the  pr incipal  axes  could be well accounted  fo r ,  
when one cons ide rs  the  s te r ic  fac to r s  and the  many coordination 
si tes  associa ted  with HANT. Accordingly  CuCl^ . ( H A N T s e e m s  
to be the  only CuA 2 Cl^ compound which assumes s ignif icant ly  
d i s to r t e d  s te reoc hem is t ry .
The magnetic suscep t ib i l i ty  s tud ie s  showed tha t  the magnetic
moment of th i s  compound is almost c o n s ta n t ,  at 1.87 ± 0.02 B .M . ,
and is v e r y  close to the  room te m p e ra tu re  moments obse rved  for
141 142CuA2 C1^ compounds.  ’ No an t if e r romagne tic  in terac t ion  was
d e t e c te d ,  most p robab ly  because  of the  big size of HANT which 
would sc reen  th e  ad jacen t  c o p p e r ( I I )  ions.
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C H A P T E R  4
C O N C L U S I O N S
The desh ie ld ing  ef fect  of the  n i t ro  g roup  o b s e rv e d  in the 
ca rbon-13  n . m . r .  s p e c t r a  of 2 -ch lo ro -5 -n i t ro th iazo le  and  2-amino- 
5 -n i t ro th iazo le ,  the  lack of formation of a N i(ANT)Cl2 complex where  
ANT is b r idg ing  like the  co r r e s p o n d in g  2-aminothiazole complex , 
and  th e  fa i lure  to p r e p a r e  complexes with BNT and  CNT clear ly ' 
ind ica te  cons iderab le  reduc t ion  in the  elec tron  d e n s i ty  in the donor 
s i tes  of th e se  l igands .
The  formation of halogen b r id g e d ,  mixed MeOH complexes 
and  th e  lack of formation of complexes of h ig h e r  l igand to metal rat io  
could be the  r e s u l t  of r ing  n i t rogen  bonded  ANT being a b e t t e r  ir- 
a c c ep to r  than  a a - d o n o r ,  b r id g in g  and  coord inat ion of methanol 
p rov id ing  a means for  maintaining the ef fect ive e lec t roneu t ra l i ty  on 
the  ce n t r a l  ion.
An enhancement  in the  ir-acceptor  ab il i ty of r ing  n i t rogen  
coord ina ted  ANT, re la t ive  to 2-aminothiazole could be concluded  by 
compar ing the  s t r u c u r e s  of the  complexes formed with c o p p e r ( I I )  
ace ta te  m onohydra te ,  and the  similari ty of the re f lec tance  s p e c t r a  
and  the  magnetic moments of [Cu( AcO ) 2 . ( ANT ) ] 2 and  [ Cu( AcO ) % . -  
(p y r id in e  N-oxide) ] 2 . T h e re fo re ,  the  b road  band o b s e rv e d  in the 
n e a r  visible reg ion  in the  elect ronic  s p e c t r a  of the se  complexes 
may be r e la ted  to a ch a rg e  t r a n s f e r  t r a n s i t io n ,  d • ► i t * ,  in the  d irec t ion  
metal to l igand.
Unlike 2-aminothiazole, ANT did not form complexes in MeOH 
or DMF with Co(II)  bromide, Ni(Il) iodide or Cu(II )bromid6 .  The lack 
of ring nitrogen coordinated complexes in methanol could be explained 
as follows. It is known that the basicities of the three anions follow
th e  s equence  Cl" > Br"  >1" , w hereas  the  t t  -  accep t ing  abil i ty of
143t h e s e  an ions  is in the  r e v e r s e  o r d e r .  Accordingly  e lec t ron  t r a n s f  
to ANT d ec re ase s  along the  s e r i e s .  Cl" > Br"  > I 7 and  e lec t ro -
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n e u t r a l i t y  on the  metal ions p r e v e n t s  the  formation of the se  complexes.  
To explain  the  lack of formation -NH; coord ina ted  complexes with 
th e se  metals ,  cons idera t ion  of bas ici t ies  and  tr-accepting p ro p e r t i e s  
alone could not be e n o u g h ,  because  DMF is also a i r-acceptor ,  yet  
-NHj coord ina ted  complexes a re  formed in i ts  p r e s e n c e .  T h e re fo re ,  
two addit ional  fac to rs  should be c o n s id e re d ,  (a)  the  solvat ing p ro p e r t i e s  
of DMF, (b )  the  h a r d - s o f t  rela t ions  in ANT and the  metal ions.
It is known th a t  DMF solvates  cat ions b e t t e r  than  an ions.  
T h e r e f o re ,  with l igand s i tes  being occupied by  DMF molecules th e re  
will be l itt le room for the  s te r ical ly  h in d e re d  r in g  n i t rogen  to form 
bonds  with the  metal c e n t r e s .  I t is also known th a t  DMF has  a mild 
p r e f e r e n c e  for  so lvat ing la rge  anions which funct ion  as soft  ba s e s ,  
e . g .  B r l  IT and  NCS“ , t h u s  reduc ing  th e i r  bas ic i ty  needed  for  achieving  
e lec t ro n e u t r a l i ty  at  the  cen t ra l  metal i o n F u r t h e r ,  the  dipola r  
apro t ic  so lvent  DMF will in t e rac t  with the  polar  ANT, by  b reak ing  
the  d o n o r - a c c e p to r  in terac t ion  between the  n i t ro  g roup  amd amine 
g r o u p ,  t h u s  r ed u c in g  the  e lec t ron -w i thdra wing  c h a r a c t e r  of the  n i t ro  
g ro u p  t h u s  l ibe ra t ing  the  amine g roup  and  making it more available 
for  bond ing .
In th e  l igand ANT, the  var ious  coordina tion s i tes  p r e s e n t  
a wide r a n g e  of h a r d  and  soft coordination s i te s .  The expec ted  o r d e r  
of h a r d n e s s  fo r  var ious  s i tes  is as  follows :
Nitro g ro u p  > Amine Ni trogen > Ring n i t rogen  > S u lp h u r  >
r in g  e lec t rons .
w h e re a s ,  the  h a r d n e s s  of the  anions  conce rned  is as  follows:
S 0 |~  > Cl" > Br"  > NCS" 
the  su lp h a te  ion be ing h a r d  and  the  NCS ion sof t .
A nother  fact is th a t  f i r s t  row t rans i t ion  metals a re  h a r d e r  
than  second  raw metals ,  and  second row metals a re  h a r d e r  than  th i rd  
row meta ls ,  and  Metal(II)  ions a re  h a r d e r  than  metal (I )  ions .
I t is also genera l ly  expec ted  th a t  the c h a r a c t e r  of the  accep to r
- 7 9 -
will v a r y  to a ce r ta in  deg ree  with the  p ro p e r t i e s  of the donor.
T h e re fo re ,  the  more polarizable the  donor ,  the  more p ronounced  the  
soft c h a r a c t e r  of a cer ta in  acc ep to r .  It is also a fact th a t  soft accep to rs  
p r e f e r  soft  donors  and h a rd  accep to rs  p r e f e r  h a rd  donors
In the  complexes p r e p a r e d ,  amine n i t rogen  coordination takes  
place with the  h a r d e s t  of the  metal(II)  ions such  as Co SO^, Ni SO^, 
Cu SO^, NiCl^, CuCl^ , and only with the a s s i s tance  of DMF.
Considera t ions  of the above mentioned four  fac to r s ,  namely,
(a)  bas ici t ies  of the  an ions,  (b)  i r-accepting p ro p e r t i e s  of the  an ions,
(c)  d if fe rence  in so lvat ing p ro p e r t i e s  of MeOH and DMF, (d)  h a r d -
soft r e la t ionsh ip  in various  accep to rs  and donors,  could explain why
the  metal sal t s  used  for  the  p repa ra t ion  of the  mixed methanol complexes,  
did not form mixed DMF complexes, and  the  metal sal t s  used  in the  
p r ep a ra t io n  of mixed DMF complexes did not give mixed MeOH complexes.
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C H A P T E R  1
THE COORDINATION CHEMISTRY OF 
AROMATIC AMINE N-OXIDES
This conclusion is 
4
1 .1 .  In t ro d u c t io n
The oxygen  atom in the  N-oxides  is more polar  than  in o th e r
0 X 0  donors  such  a s  a l c o h o l s ,  e t h e r s ,  and amides.
1-3s u p p o r t e d  by  dipole moments and  thermodynamic s tud ie s  . In 
aromatic amine oxides  the  oxygen  Zpir e lec t rons  a re  conjugated  with 
t h e  aromatic r ing^  3, 5 8 the  al iphatic amine oxides  this
canno t  o c c u r .  Fundamenta l  to the  chem is t ry  of N-oxides is the fact 
t h a t  th e  d ipolar  N-oxide g ro u p  = N ^ - ( 0 ) -  is both  an e lec tron  donor  
and  an e lec t ron  acc ep to r  by  the  r e sonance  effect  (in addit ion  to being 
an in d u c t iv e  e lec tron  a c c e p to r ) .  Tak ing py r id ine  N-oxide I as an 
example ,  th i s  " p u sh  -pull"  c h a r a c t e r  is e x p r e s s e d  by  the  fact  tha t  
canonical  forms of ty p e  II in addi t ion to those of ty p e  III con t r ibu te  
to th e  r e s o n a n c e  h y b r i d .  This  s i tua t ion is in fundamenta l  con t ra s t  
to th a t  a p p e r t a in in g  to py r id ine  IV. In i ts  dual  role as an elec tron
9
donor  o r  ac c e p to r ,  the  N-oxide g ro u p  resembles  the  n i t roso  g ro u p  .
( I I ( I I I )
(V)
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The bas ic i ty  of aromatic N-oxides  may,  t h e r e f o r e ,  be systemat ica l ly  
var ied  by a p p r o p r i a t e  s u b s t i tu t io n  on the  aromatic r ing  with 
a concomitant  minimal change  in s te r ic  in te rac t ion  at the  react ion  
s i te .  T hese  p r o p e r t i e s ,  p lus  the  r e a d y  availabil i ty of an 
ex t e n d e d  se r ies  of s u b s t i t u t e d  pyr id ine  N-oxides ,  have  
g rea t ly  co n t r ib u te d  to th e  a b u n d an c e  of coordinat ion  chemis try  
of th e se  l igands .
In the  p r e s e n t  work the  coordinat ion  chem is t ry  of 
4 -n i t ro  2-picoline N-oxide ( 2 -CH3 4 -N O 2 P y -N O ) ,  4 -n i t ro
3-picoline N-oxide ( 3 -CH3 4 -N O 2 P y -N O ) ,  4 -n i t ro  2 ,6 - lu t id ine  
N-oxide ( 2 , 6 - ( C H 3 ) 2  4 -N O 2 P y -N O ) ,  and  3-n i t ro  2 ,6 - lu t id ine  
N-oxide ( 2 , 6 , - ( 0 1 1 3 ) 2  3 -N O 2 Py-NO) is s tud ied  and d iscussed  


















4 -n i t ro  2 ,6 - lu t id ine  N-oxide 3-n i t ro  2 ,6 - lu t id ine  N-oxide
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1.2.  Natural Occurrence and Biological Activity
The chem is t ry  of heterocycl ic  N-oxides  has  gained importance 
due  to the  i n t e r e s t i n g  biological act iv i t ies  of these  compounds.
10In 1917 Polonovski  isolated from Calabar  beans  the  f i r s t  
n a tu ra l ly  o c c u r r in g  he terocycli c  N-oxide ,  g en es e r in e ,  which is 
th e  N-oxide of the  alkaloid e s e r in e .  Relat ively few aromatic he terocycl ic  
N-ox ides  occu r  in n a t u r e ,  and  an apprec iab le  num ber  of those  contain 
a py raz ine  o r  r e d u c e d  py raz ine  moiety.
The isolation of iodinin ,  a po ten t  an t ib io t ic ,  from Chromobacterium
iodinum, in 1938 was followed by  isolation of the  antibiot ic  asperg il l ic
acid from the  mold Aspergi l l as  f l av u s .  Iodinin was identif ied
as 1 , 6 - d i h y d r o x y p h e n a z in e  5 ,10-d ioxide  (X)^^ and  aspergil l ic
14 15acid as l - h y d r o x y - 2 - p y r a z i n o n e  (X I ) .  ’ O th e r  closely re la ted  
compounds  with ant ibiot ic  ac t iv i ty  have  since been isolated from 
a v a r i e ty  of microbial s o u rces .
(X) (XI
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The d i s co v e ry  t h a t  th e  an tib io t ics  iodinin (X)  and  aspergil l ic
acid ( X I )  a re  N -oxides  s t imulated  in t e r e s t  in the  biological ac t iv i t ies
of compounds  of th i s  t y p e .  Added in t e r e s t  was p rovided  by  claims
th a t  the  convers ion  of ce r t a in  alkaloids into th e i r  N-oxides  led to a
r e d u c e d  tox ic i ty  withou t  a paral lel  d ec rease  in biological ac t iv i ty .
A la rge  num b e r  of he te rocyc l ic  N-oxides  have  been syn thes iz ed  and
te s t e d  fo r  pharmacologica l , biological and physiological ac t iv i t i e s . ^
A few examples will s e r v e  to i l lu s t r a t e  the  va r ie ty  of the N-oxides
which posse ss  biological a c t iv i ty  and  th e  r a n g e  of th is  ac t iv i ty .  4-
n i t roquinoline  N-ox ide ,  which is a po ten t  mutagen and concogen and
also pos se s s e s  an t i funga l  and  antibio t ic  ac t iv i t ies ,  has been ex tens ive ly
s tu d ie d ,  th i s  compound is r e d u c e d  in vivo to 4-hydroxyaminoquinoline
which is the  ac t ive  p r inc i le .  2 -M ercap topyr id ine  N-oxide and  some
of i ts  d e r iv a t iv e s  a re  e ffec t ive  pes t ic ides  and  fung ic ides  for  a broad
spec t rum  of o rgan ism s .  The an t i funga l  act iv i t ies  of 4 -n i t ropy r id ine
18N-oxide and  i t s  methyl  d e r iv a t iv e s  a re  well known.  It has been
s u g g e s t e d  th a t  th e  p r e s e n c e  of th e  n i t ro  g ro u p  is v e ry  essen tial  for
any  meaningful  an t i funga l  a c t iv i ty  of py r id ine  N-ox ides ,  and th a t  the
an t i funga l  ac t iv i ty  is due  to the  good elec tron  accep ting  p r o p e r ty  of 
18th e s e  c o n p o u n d s .  A more genera l  d iscuss ion  of the  n a tu ra l  occu r rence
19and metabolism of N-oxides  a p p e a r s  in a review by  G. B. Brown.
1.3.  Structure-R eactivity Relations in N-oxide Chemistry
The organ ic  chem is t ry  of aromatic N-oxides  has  been rev iewed 
e x ten s iv e ly .  ' The o rgan ic  chem is t ry  of py r id ine  N-oxides  d i f fe r s
signif ican tly  from th a t  of p y r id in e .  Both nucleophiles  and elec trophi les  
can a t t a c k  at  c a rbon  atoms p r e s e n t  at  posi tion 2 and 4 to th e  N-oxide 
g ro u p ,  because  e lec tron  d isp lacements  of ty p e  (XII)  and  (XIII)  a re  
possible.
AL J, + J
0 " 0 -
( XI I ) ( X I I I )
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Electrophil ic  s u b s t i tu t io n  which takes  place only with diff icul ty 
a t  th e  3 -  posit ion fo r  p y r id in e  occu r s  readi ly  at  th e  4- and  
2-pos i t ions  of py r id ine  N-oxide.
The canonical s t r u c t u r e s  XIV and XV re su l t in g  from the  
elec t ron  disp lacements  of t y p e  XII and  XIII for  the  u n s u b s t i t u t e d  
py r id in e  N-oxides  , g rea t ly  a f fec t  the  reac t iv i ty  of py r id ine  N- 
ox ides ,  as  well as  ce r t a in  o t h e r  phys ica l  p ro p e r t i e s .
i I
(XIV) (XV)
Electron wi thdrawing r ing  s u b s t i t u e n t s  at  t h e  2- and 4 -posit ions 
e nhance  c on t r ibu t ions  from s t r u c t u r a l  ty p e  XIV. Electron donat ing  
g r o u p s ,  on the  o th e r  h a n d ,  enhanc e  con t r ibu t ion  of s t r u c t u r e  XV.
Much ev idence  has  been amassed from phys ica l  measurements  
r e g a r d i n g  the  e l e c t ro n -d o n a t in g  and  e l ec t ron -accep t ing  p ro p e r t i e s  
of the  N^ -O g ro u p  in py r id in e  N -ox ides ,  and  these  da ta  a re  
d i s c u s s e d  u n d e r  the  va r ious  methods which have  been  applied :  
dipole moments,  i n f r a r e d  s t r e t c h in g  f r e q u e n c i e s ,  in f r a r e d  in tens i t i es  , 
n . m . r .  t e c h n iq u e s ,  e lect ronic  a b s o rp t i o n .
X - ray  c ry s ta l log raph ic  da ta  de l inea te  a longe r  n i t rogen  -
oxygen  bond leng th  fo r  r e p r e s e n t a t i v e  al iphatic  amine N-oxides
(1.424 A for  ( C H , ) ,  -  NO.HCl)^^ compared^^* to 1.37 A
for  Py -  NO.HCl.  X - r a y  d if f rac t ion  s tu d ie s  of s u b s t i t u t e d  pyr id ine  
27 28N-oxides  * indicate a fo re s h o r te n in g  of the  N -  O bond .
27 oIn 4 -n i t ro p y r id in e  N-oxide ,  fo r  example the  d i s tance  is 1.260 A . 
This  ind ica te s  a g r e a t e r  con t r ibu t ion  of canonical  form XIV when 
p a ra  h y d ro g e n  is rep laced  by  deac t iva t ing  s u b s t i t u e n t s .
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1.4.  Hammett Equation Treatment.
Applicat ion of the  Hammett equat ion  to he te rocyc les  in genera l  
and  N-oxides  in p a r t i c u l a r  was p ioneered  by Jaf fe ,  who has  rev iewed 
th e  f ieldf^ Many reasonab le  cor re la t ions  between measured  phys ica l  
p ro p e r t i e s  of a sys tem conta in ing  s u b s t i t u t e d  py r id ine  N-oxides 
and  a h y b r id  se t  of s u b s t i t u e n t  p a ram ete r s  have  been found ,  making 
comparison  of the  va r ious  p r o p e r t i e s  of analogous  sys tems ve ry  
difficult?»' 29. 30-40
41Nelson e ^  al . h av e  s u g g e s t e d  a r e t u r n  to the  fundamental  
defini t ion  of s u b s t i t u e n t  p a r a m e te r s .  T ha t  i s ,  to define an in te rna l ly  
s e l f - c o n s i s t e n t  se t  of values  based  upon the  measured  acid dissociat ion 
c o n s t a n t s ,  Kg^+ , de te rm ined  fo r  p y r id in e  N-oxides according 
to reac t ion  ( 1 ).
4. h " ( 1 )
The p y r id in e  N-oxide s u b s t i t u e n t  c o n s ta n t ,  " is th en
def ined  accord ing  to the  re la t ionship .  ( 2 ),
aPyNO = A pKgH+ (2 )
P
where  ApKg^+ r e p r e s e n t s  th e  d if ference  be tween the  value of the  
conjugate  acid ionizat ion co n s tan t  for  the  u n s u b s t i t u t e d  pyr id ine  




A value fo r  P equal  to 2.09 was chosen such  th a t  values  of 
^PyNO near ly  conform to the  ex is t ing  s e t s  of s u b s t i t u e n t
c o n s t a n t s .  The ° values  so obta ined  fo r  many 3- and 4-
-98-
s u b s t i t u t e d  py r id ine  N-oxides  were pos i t ive for  e l ec t ron -dona t ing
41s u b s t i t u e n t s  and  nega t ive  for  e l ec t ron -ac cep t ing  s u b s t i t u e n t s ,  
a fac t  which again re f lec ts  the  abil i ty of the  N-oxide g ro u p  to 
e n t e r  into s t ro n g  conjugat ive in te rac t ion  with both elec tron  donors  
and  s t r o n g  e lec tron  acc ep to r s .
The  Hammett equa tion has been applied to h yd ro ly s i s
42 43of e thoxy  ca rbony l  and ( 4 -e th o x y c a rb o n y l  vinyl  ) -p y r id in e  N-oxides
by  F a lkne r  and  H ar r i son .  The r e s u l t s  obta ined  indicate tha t
-j- —
the  p ronounced  e lec t ron -w i thdraw ing  ef fec t  of the  N -  O g roup
d e c re a se s  r ap id ly  with d i s tance .  O th e r  Hammett t r ea tm e n ts  have
44co nce rned  the  pK^ va lues  of 2 - s u b s t i t u t e d  pyr id ine  N-oxides , 
tautomer ic  equ i l ib r ia^^ in f ra red  intensi ties '^^ ’ and  f requenc ies^^
and k ine tics  of elect rophi l ic  s u bs t i tu t ion  of py r id ine  N-ox ides .
Sigma co n s ta n t s  for  py r id ine  N-oxide r in g s  cons idered
as s u b s t i t u e n t s  a t t a ch e d  to benzene  have  been obta ined  by measurement
50of th e  basici t ies  of (am inopheny l ) -py r id ine  N-oxides .  The sigma 
values  a re  in the  r a n g e  of +0.23 to + 3.3, disclosing a moderate 
e lec t ro n -w i th d ra w in g  effec t .
1 .5 .  Phys ical  P roper t i e s
1 . 5 .1 .  Ultraviolet Absorpt ion  S pec t ra
A genera l  d iscuss ion  of the u l t rav io le t  s p e c t r a  of N-oxides 
is available in r e f .  51 . P ape rs  which a re  pr incipa l ly  conce rned  with 
u l t rav io le t  sp ec t ro sco p y  of N-oxides  a re  l is ted in r e f .  52.
The effect  of N-oxidation on the  electronic spec t rum  of p y r id ine ,  
is the  a p p ea ran ce  of two new bands  a ro u n d  330nm(and 312nm) in the  
spec t rum  of py r id ine  N-oxide ,  while the  251 and 192 and 175nm 
b an d s  which a p p e a r  in the spec t rum  of py r id ine  a re  sh i f ted  to 
longe r  w ave leng ths ,  v i z . 278, 285, and  216nm re s p e c t iv e ly ,  in the  
s pec t rum  of py r id ine  N-oxides .  It was hence  poin ted  out  th a t  the 
IT e lec tron  in terac t ion  between the N-oxide g roup  and  the  heterocycl ic  
r in g  was r e spons ib le  for  the  overal l  sh if t ing  of the  b ands  to longer  
w ave le ng ths .
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The e lec tronic  s p e c t ru m  of p y r id in e  N-oxide has been
s tu d ie d  in g r e a t  deta i l ;  how eve r ,  th e  a ss ignm en ts  of the b a n d s  
18 53 54have  v a r i e d .  ' ’ S u b s t i t u t io n  at the  var ious  posi t ions on
the  r ing  usua l ly  s h i f t s  the  p r inc ipa l  b a n d s  in the  elect ronic spec t rum
in v a r y in g  am ounts  d e p e n d in g  on th e  n a t u r e  of s u b s t i t u e n t .
Electronic s p e c t ro s c o p y  has  been  used  to s tu d y  the  s te r ic
e f fec t s  of the  methyl  g roups  s u b s t i t u t e d  at  the  vicinal posi t ions 
55of a n i t ro  g r o u p .  The r e s u l t s  a r e  i n t e r e s t i n g  because  of th e i r  
r e le v an ce  to the  p r e s e n t  w ork .  The  band  which a p p e a r s  at  346nm 
in the  s p e c t ru m  of p y r id in e  N-ox ide is r e d u c e d  in in t e n s i ty  in 
the  s p e c t r a  of 3 -m e t h y l -4 -n i t r o p y r id in e  N-oxide and  3 , 5 -d im ethyl -
4 - n i t r o p y r i d in e  N-ox ide .  From th e  re la t ion  e/Co ~ cos^0,  where  
is the  ex t inc t ion  coeff ic int  of the  c h a rg e  t r a n s f e r  band  at 346nm 
in th e  s p e c t ru m  of p y r id in e  N-ox ide ,  the  angle of twist  ou t  of the  
molecular  p lane ,  8 , of the  n i t ro  g ro u p  is c a l c u l a t e d T h e  values  
so ob ta ined  a re  11° 12' and  55° 30' for  3 -m e th y l -4 -n i t ro p y r id in e  
N-oxide and  3 , 5 - d im e th y l -4 -n i t r o p y r id in e  N-oxide r e s p e c t iv e ly ,  
and  a re  in v e r y  good ag ree m en t  with la t e r  c ry s ta l lo g rap h ic  r e s u l t s .
The twis t  ang les  ob ta ined  by  the  above mentioned two methods 
a re  smaller  tha n  those  in the  c o r r e s p o n d in g  de r iv a t iv e s  of 4 - n i t r o ­
b en ze n e .  It  was h ence  po in ted  out  th a t  the  in t ramolecula r  c h a rg e  
t r a n s f e r  be tween th e  n i t ro  g ro u p  and  the  s u b s t i t u e n t  at i ts  pa ra  
posit ion in f luenced  the  twis t  ang le ;  the  twist  d e c r e a s e s  with in c reas ing  
c h a r g e  t r a n s f e r .
1 . 5 .2 .  I n f r a r e d  S p e c t ro s c o p y
I n f r a r e d  a b s o rp t io n  s p e c t r a  of py r id ine  N-oxides  d isp lay  a
- I
prominen t  band  be tween 1200-1300cm. The band  of ten  exceeds  
in i n t e n s i ty  all o t h e r  a b s o rp t io n s  of the  spec trum^^ ’ Shindo^^ 
found th a t  the  b an d  pos i t ions  were a f fec ted  in a sys tematic  manner  
by  c h an g in g  s u b s t i t u e n t s  on the  r i n g .  The more ac t iva t ing  the  
s u b s t i t u e n t ,  th e  lower th e  e n e r g y  of th is  a b s o rp t io n .  A de ta i led 
t r e a tm e n t  of the  i n f r a r e d  s p e c t r a  of he terocycli c  com pounds ,  inc luding  
N -ox ides ,  is g iven by  K a t r i t zk y  and  Ambler.  Since the n  many
p a p e r s  dea l ing with th e  in f r a r e d  s p e c t r a  of s u b s t i t u t e d  py r id ine  N-oxides
-100-
hav e  ap p e a re d ^ ^  ' 61-67 i n d e x e s  a re  also available which list  i n f r a r e d  
s p e c t r a  by  name e . g .  r e f .  6 8 .
Upon coo rd ina t ion ,  for  py r id ine  N-oxides  is de c re a se d
from values  fo r  th e  f ree  l igand by  12 to 60cm.  ^ This  sh if t  may be 
r e g a r d e d  as a r i s ing  in p a r t  from th e  c hange  in the  n a t u r e  of 
the  n i t r o g e n - t o - o x y g e n  bond  as a r e s u l t  of coordina tion .  The 
formation of th e  O -  M bond  in c re a s e s  the  e lec t ron  demand of 
the  d ono r  oxy g en  atom and  t h e r e b y  b r i n g s  abou t  a dec re ase  of 
th e  N=0 double bond  c h a r a c t e r  c o r r e s p o n d in g  to a diminished
co n t r ib u t io n  of th e  r e s o n a n c e  s t r u c t u r e  (XIV) to the  overal l  s t a t e
. _ , 33-35,  69-72of th e  l igand  molecule.
G arvey  ^  al . po in ted  out  th a t  ch a n g e s  in with
ch an g in g  s u b s t i t u e n t s  fo r  coo rd ina ted  4 - s u b s t i t u t e d  py r id ine  N-
oxides  often  d i sp la yed  a r a n g e  of va lues  similar  to th a t  for  the  
32f ree  l igand.  ' However ,  fo r  complexes  of metal ions from ea r l ie r  
g ro u p s  of the  t r a n s i t io n  s e r i e s ,  the  r a n g e  is much more r e s t r i c t e d  
th a n  is the  case  fo r  the  u n c o o rd in a ted  l igands  o r  t h e i r  complexes 
with metal ions from l a t e r  g r o u p s .
1 . 5 .3 .  Nuclea r  Magnetic R esonance  T ec hn iques
The n u c l e a r  magnet ic re s o n a n c e  s p ec t ru m  of py r id ine
73N-oxide i t se lf  has  been  completely e luc ida ted .  Many p a p e r s
dea l ing specif ical ly with the  n . m . r .  s p e c t r a  of N-oxides  have  
73-92
a p p e a r e d .  N . m . r .  s p e c t ro s c o p y  has  been  u sed  to p a r t i c u la r
a d v a n t a g e  in the  eluc idat ion of ce r t a in  r e a r r a n g e m e n t s ,  in the  
inve s t iga t ion  of tau tomerism of h y d r o x y p y r i d i n e  N-oxides  and  
in th e  de te rmina t ion  of the  s t r u c t u r e s  of the  isomeric cinnoline 1 - 
and  2 -ox ides .
The ca rbon-13  chemical s h i f t s  of p y r id in e  N-oxide and  of 
a n um be r  of X - s u b s t i t u t e d  p y r id in e  N-oxides  (X = 4 -C H 3 , 4 -N (CH 3 ) ; ,
4 -O CH 3 , 4 -COCH 3 , 4-Cl,  4 -N O 2 , 3 -COCH 3 , 3-CN, 3-Cl,  3 -B r ,
2 -C H 3 , 2 -O CH 3 , 2 -CO CH 3 , 2-Cl)  have  been  r e p o r t e d  and d i scu ssed
-101-
in te rm s  of the  e f fec t  of the  s u b s t i t u e n t  on the  g ro u n d  s ta t e
80e lec t ron  d i s t r i b u t io n .  In g e n e ra l ,  th e  p y r id in e  N-ox ides  show 
a l a rg e  sh ie ld ing  ef fec t  ( ~ lOppm) at  C-2 ,  C-4 ,  and C - 6  re la t ive  
to t h a t  o b s e r v e d  in the  c o r r e s p o n d in g  p y r id in e s .  The only except ion 
to the  o b s e r v e d  t r e n d  is 4 -n i t r o p y r i d in e  N-oxide in which an 
oppos i te  desh ie ld ing  ef fect  a t  C-4 is o b s e r v e d .  The shie ld ing  
ef fec t  o b s e rv e d  at pos i t ions  2, 4, and  6 is expla ined  in te rms 
of th e  re s o n a n c e  forms (XIV) making su b s t a n t i a l  con t r ibu t ion  
to th e  p y r id in e  N-oxide h y b r i d ,  w h e re a s ,  the  desh ie ld ing  effect  
a t  C-4 of 4 - n i t r o p y r i d in e  N-oxide is exp la ined  in te rm s  of the  
r e s o n a n c e  ef fec t  of th e  n i t ro  g ro u p  in delocalizing the  elec tron 
d e n s i t y  c o n t r i b u t e d  to the  4-pos i t ion  and  a s u b s t a n t i a l  con t r ibu t ion  
of the  re s o n a n c e  form (XV) to the  p y r id in e  N-oxide h y b r i d .
N i t rogen-14  n . m . r .  s p e c t r a  of a l a rg e  se t  of m onosubs t i tu ted  
81 — 8 8p y r id in e  N-ox ides  and  a n u m b e r  of poly s u b s t i t u t e d  N-oxides
have  been  r e p o r t e d . T h e  N-14 n . m . r .  s p e c t r a  of mono­
s u b s t i t u t e d  p y r id in e  N-oxides  show a cor re la t ion  between the
81chemical s h i f t s  and  the  c h a r a c t e r  and  the  posi t ion of the  s u b s t i t u e n t .
The  s u b s t i t u e n t s  which e x e r t  an overal l  e lec t ron  re le a s in g  effect
( s u c h  as - N H z ,  - N ( C H 3 ) z ,  - O H ,  - O C H 3 ,  - C H ^ O H  and  - C H 3 )
14r e s u l t  in a sh i f t  of th e  N s ignal  to h i g h e r  f ields r e la t ive  to
th a t  of p y r id in e  N-ox ide .  Those which e x e r t  an overal l  e l e c t r o n -
w i thd raw ing  ef fec t  ( s u c h  as - N O 2 , - C O O H ,  - C H O , - C O C H 3  and
14-CN) give a downfield N sh i f t  r e la t ive  to p y r id in e  N-oxide i t se lf .
A s u b s t i t u e n t  in posi t ion 3 ( e i t h e r  e l e c t ro n - r e l e a s in g  o r  e l ec t ro n -
14w i thd raw ing )  e x e r t s  the  smallest ef fect  on th e  N chemical sh i f t ,
r o u g h ly  in ag ree m en t  with what  is e x p ec ted  from the  induc t ive
mechanism alone.  S u b s t i t u t io n  in posi t ion 2 b r i n g s  some complications
a r i s in g  from d i rec t  in t e ra c t io n s  between the  s u b s t i t u e n t  and the
n i t rogen  atom in th e  r i n g . The s p e c t r a l  c h a n g e s  o b s e rv e d  are
fa ir ly  paral lel  to those  found  in the  s p e c t r a  of th e  p a r e n t  p y r id i n e s ,
h av ing  r e s o n an ce  s igna ls  abou t  25ppm to h i g h e r  f ields tha n  the
c o r r e s p o n d in g  m o n o - s u b s t i t u te d  p y r id in e  d e r iv a t iv e s  ( f i g . 1 ) ,  while,
14th e  N re s o n a n c e  h a l f - h e ig h t  w id ths  for  the  N-oxides  a re  much 
smaller  as  compared with th e  c o r r e s p o n d in g  p y r id in e  d e r iv a t iv e s .
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Corre la t ion  of chemical s h i f t s  of 4 - s u b s t i t u t e d
p y r id in e  N-oxides  and  4 - s u b s t i t u t e d  p y r id in e  der iva t ives ,
N -ox ides  is r e p o r t e d  and  compared  to t h a t  of co r r e s p o n d in g  p y r id in e s .  
The  r e p o r t e d  c h a n g e s  in t h e  n i t r o g e n  r e s o n a n c e  pos i t ions  of methyl  
p y r id in e  N-ox ides  a re  small e x c e p t  fo r  p a r a - s u b s t i t u t e d  compounds.  
This  is ra t iona l ized  q u a l i t a t i v e l y  in te rm s  of competi t ive induc t ive  
v s .  h y p e r c o n j u g a t i v e  in te rac t ion  be tween th e  s u b s t i t u e n t  and  
th e  n i t r o g e n .  The  upf ie ld  sh i f t  in re s o n a n c e  posit ion exh ib i ted  
by  the  p y r id in e  n i t r o g e n  nuclei  upon  oxide formation is explained  
in te rm s  of th e  removal  of th e  l o n e  p a i r  orb i ta l  con t r ibu t ion  to 
th e  chemical sh i f t .
92
The F -19  n . m . r .  t e c h n iq u e  is employed to in v e s t ig a te  
e f f ec t s  due  to s u b s t i t u e n t s  in t i tanium te t r a f lu o r i d e - a n d  tin t e t r a -  
f l u o r i d e - s u b s t i t u t e d  p y r id in e  N-oxide a d d u c t s .  While a l inear  
cor re la t ion  be tween  chemical s h i f t s  fo r  all chemically d i f f e re n t
f luo r ines  and  *^ p j^ q  is r e p o r t e d  fo r  the  t i tan ium(IV)  complexes, '31,93PyN
no su c h  co r re la t ion  is found  in
94
f luor ide  d i a d d u c t s .
19 F chemical s h i f t s  of t in t e t r a -
103-
1 . 5 .4 .  Dipole Moments
Molecular  orb i ta l  methods  have  been  used  to calculate dipole 
moments,  and  the r e s u l t s  show reasonab le  ag reem en t  with exper imenta l  
v a lu es .  Dipole moments of many N-oxides  have  been r e p o r t e d ? ^ ”^^
Appl icat ions  of dipole moment measurement have  been  summarized 
by  Walker.
3
Linton no ted  th a t  th e  d i f fe rence  (2.02D) in dipole 
moments of p y r id i n e  N-oxide  (4 .24D) and  p y r id in e  (2.22D) is 
f a r  smaller  t h a n  t h a t  (4.37D) be tween tr imethylamine N-oxide 
(5 .02D) and  t r imethy lamine  (0 .65D) and  concluded  th a t  the  con t r ibu t ion  
of a r e s o n a n c e  form su c h  as (XIV) is im por tan t  in py r id ine  N-oxide.
Dipole moments hav e  been  u sed  to dem ons t ra te  th a t  in te rac t ion
between  s u b s t i t u e n t s  and  the  N ^  O g ro u p  d e c re a se s  rap id ly  with
d i s t a n c e .  In 4 - s u b s t i t u t e d  p y r id in e  N -ox ides ,  su b s t i tu t io n
of e l ec t ron  r e l e a s in g  g r o u p s  su c h  as -OH,  -NH%, -C H 3 , leads
to an i n c re a s e  in t h e  dipole moment,  while the  su b s t i tu t io n  of
e lec t ron  w i th d raw in g  g r o u p s  such  as -CN,  -NO,  -N O 2 leads to
18a d e c r e a s e  in th e  dipole moment,  with r e s p e c t  to p y r id in e ,  
t h u s  d e m o n s t r a t in g  t h a t  th e  N-ox ide g ro u p  can ac t  as  a r eve r s ib le  
e lec t ron  pump capab le  of e lec t ron  polarizat ion  into and  away  from 
th e  he t e ro a ro m a t ic  r i n g .  To i l lu s t r a t e  th i s  phenomenon,  the
18dipole moment r e s u l t s  of 4 -n i t r o p y r i d in e  N-oxide could be he lp fu l .  
Nitrat ion  of p y r id i n e  r e s u l t s  in a s l igh t  d e c re ase  in the  moment 
(from 2.22D to 1 .5 8 D ) ,  while N-oxidat ion of py r id ine  r e s u l t s  in 
a l a rg e  in c re a s e  in dipole moment (from 2.22D to 4 .24D) ,  show ing  
t h a t  bo th  NO2 and  N-oxide g ro u p s  in fact  w i thdraw  e lec t rons  
from th e  p y r id in e  r i n g  ; the  N-oxide g ro u p  being much more 
e f fec t ive  t h a n  th e  NO2 g r o u p .  However,  a small value of dipole 
moment (0 .71D) is found  fo r  4 - n i t r o p y r id in e  N-oxide dem ons t ra t ing  
t h a t  N-oxide g r o u p  ac t s  as  an e lec t ron  re leas ing  g ro u p  in the  
p r e s e n c e  of a n i t r o  g ro u p  in th e  4-pos i t ion of p y r id in e  N-oxide.
Dipole moments a re  also im por tan t  in connec tion  with complex 
formation.  Ev idence  for  a weak in te rac t ion  be tween  p y r id in e  N-oxide 
and  ca rbon  t e t r a c h l o r id e  was ob ta ined  from dipole moment m e a s u re m e n t s .
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1 . 6 .  Metal C om plexes o f Aromatic N -o x id es
The coord ina tion  complexes of aromatic N-oxides  with 
v a r ious  metals a r e  d i s c u s s e d  only as f a r  as  is n e c e s s a ry  
for  an u n d e r s t a n d i n g  and  apprec ia t ion  of the  p r e s e n t  work.
The  coordina tion  complexes of C u ( I I )  and Cd( I I )  on the  o th e r  
h a n d ,  which a re  th e  main sub jec t  of the  p r e s e n t  work ,  a re  
t h o ro u g h ly  c o v e re d .  Although no complexes of Co(II)  and  
Ni(II)  could be p r e p a r e d ,  the  coordina tion compounds of 
th e se  metals will be b r ie f ly  d i s c u s s e d  as many of t h e i r  sal ts  
were  t e s t e d  with the  aim of ob ta in ing  th e i r  complexes.  Detailed 
d i scuss ion  of th e  coordina tion  compounds  of amine N-oxides 
could be found in t h r e e  exce llen t  r ev iew s .
1 . 6 .1 .  General i t ies
One of th e  more notable  a s p e c t s  of the  coordina tion 
c hem is t ry  of aromatic N-oxides  is t h e i r  abi l i ty to form complexes 
with more th a n  f o r t y  elements  of the  periodic  table inc luding 
at  le as t  one element from each  of the  major g ro u p s  of t rans i t ion  
m e ta l s .
The  major i ty of the  metal complexes of aromatic N-
oxides  a re  decomposed by  w a te r .  The methods employed
for  t h e i r  p r e p a r a t i o n  involve ,  t h e r e f o r e ,  in t e rac t ions  between
ligand  and  metallic compound in n o n -a q u e o u s  so lven t s .  Crys ta l l ine
metal complexes with N-ox ides  a re  usua l ly  r a t h e r  easi ly ob ta ined ,
and  a la rge  num b e r  of compounds  of th i s  ty p e  a re  stab le
in th e  a tm o s p h e re .  Special  s y n th e t i c  p ro c e d u r e s  o r  hand l ing
p reca u t io n s  r e q u i r e d  fo r  ce r t a in  metal complexes a re  mentioned
104in the  rev iew by  K arayann is  et  al .  P e rch lo ra te  sa l t s  of
th e  a p p r o p r i a t e  metal ions in ethanol  o r  ace tone  so lven ts
r eac t  with p y r id in e  N-oxides  genera l ly  yie ld ing compounds  hav ing
_ . . . _ , . . 32 ,33,69 ,71 ,106-109the  maximum coordina tion  num ber  of th e  metal ion.
The  h ig h e s t  possib le  coordina tion  n um be rs  a r e ,  n e v e r t h e l e s s ,
not  always a t ta ine d  in p y r id in e  N-oxide metal complexes ;  for  in s ta n ce .
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Y(III )  and  L n ( I I I )  ions form [M(pyr id ine N-oxide)o]^+ cat ionic 
110 .complexes .  H igher  coordina tion num bers  of the se  metal ions a re
o b s e r v e d  with o t h e r  monodenta te  l igands  e . g .  ce r ta in  su lp hox ides
yield [YLg]^'^ and  [LnLg] complexes.  Anions more
basic than  p e rc h lo ra te  a re  often found along with the  N-oxide
ligands  in the  p r im ary  coordina tion s p h e re  of the  metal 
32 ,70 ,71 ,106 ,107 ,112-118
119Monodenta te  "oxo- l igands"  of th e  genera l  type  
Rj^ZO (w here  Z is a Group VA element:  N, P,  As,  e t c . )
coord ina te  in v a r i a b ly  t h r o u g h  the  oxygen  to metal io n s .
Only in th e  case of  metal complexes of o rganon i t rox ide  free  
rad ica ls  has  th e  poss ib i l i ty  of in te rac t ion  of an unoccupied  
o rb i ta l  of the  metallic compound with the  t h r e e  ir-electron f ragments  
N . . . 0  been  a d v a n c e d .  The n i t ro g en  atom in t e r t i a r y  
amine N-oxides  is devoid of a lone pa i r ;  in fac t ,  the  lone 
e lec t ron  p a i r  of n i t r o g e n  in t e r t i a r y  amines is u sed  for  bonding 
to th e  o x y g en  atom d u r i n g  N-oxida tion ,  i . e .
^ N  : + :Q:  ► ^ N  : 0 :
Hence ,  the  only  s i te  avai lable  fo r  coordina tion in t e r t i a r y  
amine N-oxides  is th e  o x y g en  atom.
Upon coord ina t ion  to metals the  p y r id in e  N-oxide
o x y g en  can func t ion  as e i t h e r  a donor  o r  an accep to r  of
33 39 127TT-electron d e n s i t y .  ’ ’ Should the  metal ion posse ss
empty  d o rb i t a l s  of c o r r e c t  symmetry  donat ion of e lec tron
d e n s i ty  from th e  h ig h e s t  filled w-molecular  orbi tal  of the
l igand could o c c u r .  Chang ing  s u b s t i t u e n t s  on the  py r id ine
r in g  u n d e r  t h e s e  condi t ions  in c re ases  only minimally the  competit ion
of th e  p y r id in e  n i t r o g e n  atom fo r  i r-orbitals  of the  oxygen
atom, t h e r e b y  li t tle a f fec t ing  the  n i t r o g e n - o x y g e n  bond o r d e r .
On the  o th e r  h a n d ,  metal ions with nea r ly  filled d o rb it a ls  
do not  r ead i ly  ac t  as  it- elec t ron  a c c e p to r s ,  and  t h u s  a metal 
to em pty  l igand TT* orb i ta l  back  bonding  in te rac t ion  becomes
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p r e f e r r e d .  Nuc lea r  magnetic re sonance  data^^^ s u p p o r t
a TT-mechanism fo r  sp in  delocalization from nickel  to py r id in e  
N-oxide  d o n o rs  in bis  (p y r id in e  N-ox ide )bis(  2 , 4 - p e n ta n e d io n a to ) -  
n i c k e l ( I I ) .  However ,  th e  da ta  did not  an sw er  th e  ques t ion  
of  w h e t h e r  th e  sp in  was delocalized in the  h ighes t - f i l l ed  molecular 
o rb i t a l  of th e  l igand  o r  in th e  lowest empty  an t ibond ing  orb i ta l .
Coord ina tion  of s u b s t i t u t e d  py r id in e  N-oxide molecules 
to t r a n s i t io n  metal ions evokes  cons ide rab le  s te reochemical  
i n t e r e s t .  If t h e  me ta l- l igand  bond has  a covalen t  c h a r a c t e r ,  
in addi t ion  to s ign i f ican t  ionic c h a r a c t e r ,  the  concep ts  of 
d i r e c t e d  va lence  would p r e d ic t  a non-cen t rosym m etr ica l  env i ronm ent  
fo r  th e  o x y g e n .  A t e t r a h e d r a l  d ispos i t ion (modified somewhat 
by  mult iple b o n d in g  to th e  p y r id in e  n i t rogen  and  elec tron
129p a i r  r e p u l s i o n s )  of  o x y g en  lone p a i r s  might  be an t ic ipa ted .
T r igona l  p l a n a r  sp^ bond ing  would r e p r e s e n t  the  o th e r  ex t reme 
fo r  h igh  n i t r o g e n - o x y g e n  double  bond c h a r a c t e r .  T h u s ,  
t h e  M-O-N bond  ang le  shou ld  lie somewhere between 108° and 120° 
as i l l u s t r a t e d .
sp2 M-O-N  ^ -  120° sp^ M-O-N  ^ - 108‘
X - r a y  c r y s t a l  s t r u c t u r e  de te rm ina t ions  of var ious  cat ionic 
and  n e u t ra l  aromatic N-ox ide metal complexes have  es tab l i shed^^  
t h a t  the  M-O-N bond  angle  lies between 108° and  1349 The 
n o n - l i n e a r i t y  of th e  M-O-N bond  s eq u en ce  is th o u g h t  to be 
the  u n d e r ly i n g  r eason  why th e  ef fec t ive  symmetries  of cat ionic 
3d metal complexes of the  form [ML^]* '^*' and  [CuLij]^'*' a r e  lower
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than  Oj  ^ and  r e s p e c t i v e l y .
The aromatic r i n g s  of py r id in e  N - o x id e (P y -N O ) , quinoline 
N-oxide (QNO) and  isoquinol ine  N-oxide  (IQNO) do not in t ro d u ce  
s e v e re  s te r ic  h in d r a n c e  d u r in g  formation of cat ionic metal 
com plexes .33 .69 .71 ,110 .115 ,120 ,145-1 55  , ^ ^ 3  complexes of
the  t y p e s  (n = 2 o r  3)33 .69 ,71 ,110 ,114 ,115 .146 ,147 ,151-155
and  [MOL^]^"*" ( r e f s .  106, 145, 149) a re  formed d u r in g  in te rac t ions  
of t h e s e  l igands  with most 3d metal p e r c h l o r a t e s ,  t e t r a f lu o ro b o ra t e s  
a n d ,  in ce r t a in  cases  in th e  p r e s e n c e  of excess  l igand ,  n i t r a t e s .  
C o p p e r ( I I )  gene ra l ly  forms [CuL^]^'^ cat ionic complexes with 
aromatic N -o x id es ;  and only in th e  cases  of p y r id in e  N-oxide 
and  4-methy l  p y r id in e  N-oxide  were  [CuL,]^"*' complexes also 
i so la ted .  33°-
The  p r e s e n c e  of 3- o r  4 - s u b s t i t u e n t s  in the  aromatic 
r in g  of p y r id i n e  N-ox ide and  4- o r  6 - s u b s t i t u e n t s  in tha t  
of quinoline N-oxide do not  in t roduce  s te r ic  in t e r f e r e n c e  
at th e  coord ina t ion  s i te ;  t h u s  [ML^ complexes of l igands
of t h e s e  t y p e s  with a v a r i e ty  of 3d metal ions have  been 
r e p o r t e d . A ccordingly ,  the  basici t ies
of l i gands  of t h e s e  ty p e s  could be systematica l ly  var ied  while 
hold ing  th e  s t e r i c  f ac to r s  c o n s ta n t .  Steric  e f fec ts  become 
obvious  in 2 - s u b s t i t u t e d  and  2 , 6 -d i s u b s t i t u t e d  pyr id ine  N- 
o x ides ,  w here  s te r i c  h in d ra n c e  from 2-and  6 - s u b s t i t u e n t s  tend  
to stabi l ize lower tha n  hexacoo rd ina ted  cat ionic complexes 
with 3d metal ions ; h ow ever ,  the  c o r re s p o n d in g  6:1 complexes 
could also be formed u n d e r  favourab le  reac t ion condit ions  
t h u s  ind ica t ing  t h a t  s te r ic  h in d ra n c e  at pos i t ions  2- and  6- 
does  not  p ro v id e  a s e v e re  enough  s te r ic  h in d ran c e  to impede 
the  formation of 6:1 com plexes .
The s te r i c  e f fec t s  of s u b s t i t u e n t s  on the  aromatic 
r ing  of N-ox ides  a re  also ev idenced  by  the  inf luence  th e y  e x e r t  
on va r ious  p ro p e r t i e s  of mixed N-oxide anionic o r  n e u t r a l  
l igand metal complexes .  T h u s ,  th e  r e s u l t s  of the  n . m . r .
s t u d y  of d i a d d u c t s  of SnF^ .2L and  TiF^.2L with var ious
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s u b s l i t u l e d  aromatic N-oxides  ind ica te  the  impor tance of s te r ic  
fac to rs  in the formation of c i s -o c t a h e d ra l  o r  t r a n s - o c t a h e d r a l  
isomers.  ^ In SnF^.ZL d ia d d u c t s  both  the  cis and the
t r a n s  isomers were o b s e rv e d  with the  s u b s t i t u t e d  pyr id ine  
N-ox ides  as long as n e i th e r  the  2 nor  the  6 posi t ions  were 
s u b s t i t u t e d .  With the  2 and  6  s u b s t i t u t e d  py r id ine  N-oxides 
only the  t r a n s  isomer was o b s e r v e d  and  the  chemical sh if t  
was re la ted  to the  bu lk ines s  of the  l igand .  In TiF^.2L d ia d d u c t s  
with the  same l igands  one f inds  th a t  with s u b s t i t u t e d  pyr id ine  
N -ox ides ,  where the  s u b s t i tu t io n  is in posit ion 3, 4, and 
5 o r  any  combination th e re o f ,  only the  cis isomer is o b s e rv e d .
The  t i tanium complexes with 2 - s u b s t i t u t e d  py r id ine  N-oxides 
and  some 4- and  6 - s u b s t i t u t e d  quinoline N-ox ides  show both 
the  cis and  the  t r a n s  isomers.  Only the  t r a n s  isomer is o b s e rv e d  
for  TiF/). (2 , 6 -(  CH^ ) 2  P y - N 0 ) 2 .  T h u s  in SnF^.2L the  t r a n s -  
o c t ah ed ra l  isomers a re  stabil ized  by  s te r i c  in te rac t io n ,  w hereas ,  
in TiF^.2L d ia d d u c t s  the  t r a n s - o c t a h e d r a l  isomers a re  stabil ized 
only when t h e r e  is suff ic ien t  s te r ic  in te rac t ion  to overcome 
sym m etry  e f fec t s  and  the  t e n d e n c y  to maximize F -  to -  Tip,^ _ 
b o n d i n g .
S te r ic  e f fec t s  could also de termine  the  mode of coord ina tion
of po lyan ions ,  as  in the  3d metal n i t r a t e s .  T h u s  the  1:2
complexes of d iva len t  3d metal n i t r a t e s  with py r id ine  N-oxide
and  4 - s u b s t i t u t e d  de r iv a t iv e s  a re  hexacoord ina ted  ( th e  exception
be ing  the  C u ( I I )  compound) with two chela t ing  n i t r a to
g r o u p s 166 B is (p y r id in e  N - o x id e )d in i t r a to c o b a l t ( I I )
r e p r e s e n t s  poss ib ly  the  f i r s t  essen t ia l ly  oc tahedra l  n i t ra to
complex of co ba l t ( I I )  which exh ib i t s  a magnetic moment c o n s i s te n t
with its geom etry .  S i m i l a r i t y  of optical  abso rp t ion  s p e c t r a
for the  b i s -  and  h e x a k i s ( p y r i d in e  N-oxide) complexes CoL^. ( NO3 )^
and  C o L ^ . f N O j ) ^ .  s u g g e s t s  tha t  py r id ine  N-oxide and  the  n i t r a to
g r o u p  must  be v e ry  close t o g e th e r  in the  spec trochemical
s e r i e s .  Complexes of the  ty p e  CoL^(N0 3  ) 2 , w here  L r e p r e s e n t s
2 ,6 - lu t id in e  N-oxide o r  2 ,4 ,6 -co l l id ine  N-oxide were a s s ig n e d  
117similar  s t r u c t u r e s .  However,  l a t e r  s tu d ie s  of M( 2 , 6 - lu t id ine
N -oxide)^ (  NO3 )^ (M = Mn, Ni, Co,  Zn) led to th e  conclus ion
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t h a l  the se  compounds  a re  p e n t a c o o r d in a t e d , invo lv ing  one mono- 
and  one b iden ta te  n i t ra to  l igand .  Formation of complexes
of th i s  ty p e  with 2 ,6 - lu t id in e  N-oxide is a p p a r e n t l y  due  to 
s te r i c  i n t e r f e r e n c e  be tween the  methyl  r ing  s u b s t i t u e n t s  and  
the  n i t r a to  l igands .
The  e ffec t  of s te r ic  h in d ra n c e  on the  magnetic and  
e lec tronic  p r o p e r t i e s  and  the  o b s e rv e d  posit ion of the  (d -  d )  
band  in 1:1 complexes be tween N-oxides  and  C u( I I )  ha l ides  
is s tu d ie d  by  Mute e^  ^  in a se r ie s  of p a p e r s .  Compounds
of th i s  ty p e  a re  b inuc lea r ,  N - o x i d e - b r i d g e d , and  exh ib i t  subnormal 
and  t e m p e r a t u r e - d e p e n d e n t  paramagneti sm ; t h e y  have  been 
the  sub jec t  of ex t e n s iv e  s tu d ie s  and  will be d i s c u s s e d  in a 
l a te r  sec t ion .  C o n t r a ry  to initial e x p ec ta t io n s  t h a t  e l e c t ro n -  
w i thd raw ing  s u b s t i t u e n t s  would p ro d u ce  a com para t ive ly  small 
magnetic in te rac t ion  by  d e c re a s in g  the  e lec tron  d e n s i t y  of 
the  o x ygen  atoms,  t h u s  weaken ing  the  me ta l -oxygen  cova lent  
bonds  t h r o u g h  which the  demagne tiza t ion  mechanism o p e r a t e s ,  
it was o b s e r v e d  th a t  the  e l ec t ron -w i thd ra w ing  s u b s t i t u e n t s  
in bo th  in d u c t iv e  and  r esonance  e f f ec t s ,  su ch  as  COOH, C0 0 C2 H^, 
CH 3 CO a n d  NO; ,  p roduce  a l a rg e r  demagnetiza t ion  th a n  with 
th e  p a r e n t  complex with p y r id ine  N-oxide.  This  ind ica te s  
t h a t  s u b s t i t u e n t  e f fec t s  in Hammett 's s en se  a re  b ro k en  down 
in th e s e  complexes .  In a la te r  work  th e  same g ro u p  o b s e r v e d  
th a t  th e  l igand field bands  at  10,000 -  14,000cm"^ behave d  in the  
same way as  the  magnetic moments,  showing the  same b reakdow n 
in the  re la t ionsh ip  of Hammett 's a  c o n s t a n t s  to the  s p e c t r a  of 
t h e se  com pounds .  However,  a good l inear  re la t ion  was found 
to e x i s t  be tween the  band posi t ions  and  the  magnetic moments.
T h u s  for  the  same s u b s t i t u e n t  g r o u p ,  the  c loser  the  si te  of 
s u b s t i tu t io n  is to the  cen t r a l  metal ion,  the  g r e a t e r  a re  the  
demagnetiza t ion  and  the  sh if t  of the  d - d  band  to h i g h e r  
f r e q u e n c i e s .  In the  case  of the  e thy l  g r o u p ,  e . g . ,  the  e f fec t s  
in c re as e  in the  following o r d e r  of s u b s t i tu t io n  2->3->4.  It  
can also be seen th a t  the  d i f fe rence  be tween  the  v ^ a x  
the  d - d  b a n d s  of 2 -  and  3 - s u b s t i t u t e d  complexes is fai r ly 
l a rg e ,  w hereas  the  d i f fe rence  be tween those  of 3 -and  4-
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s u b s t i t u t e d  complexes is small.  As for  d i f f e re n t  s u b s t i tu t io n s  
at the  same si te  (e thy l  v s .  m e th y l ) ,  the  more bu lky  g ro u p  
has  a g r e a t e r  demagnet iza t ion  e f fec t .  This  can also be o b s e rv e d  
in the  g r e a t e r  demagneti za t ion  in the  quinoline N-oxide complexes 
in compar ison with p y r id in e  N-oxide complexes .  These  t r e n d s  
which a re  i l lu s t r a t e d  in Table 1 s u g g e s t  th a t  in C u ( I I ) -N -o x id e  
b inuc lea r  complexes ,  the  s te r i c  fac to r  is more im por tan t  in 
de te rm in ing  the  e x t e n t  of th e  magnetic in te rac t io n ,  o r  the 
( d - d )  t r a n s i t io n  e n e r g y ,  tha n  the  elec tronic  e f fec t .
Table 1
d - d  Band  Maxima a n d  Magnetic Moments of 1:1 CuClg S u b s t i t u te d  






(B .M . )
3-Cl Py-NO 820 1 2 , 2 0 0 0.46
3-HOOC Py-NO 885 11,300 0.54
3-H^C^OOC Py-NO 825 1 2 , 1 2 0 0.48
4-H^C^OOC Py-NO 830 12,050 0.50
3-CH^CO Py-NO 900 1 1 , 1 1 0 0.57
4-NO^ Py-NO 1 1 0 0 9,090 1 . 2 0
4-CN Py-NO 805 12,420 0.96
3-HO Py-NO 795 12,580 0.37
4-HO Py-NO + ♦ 0.33
2-Et Py-NO 763 13,100 0.32
3-Et Py-NO 810 12,350 0.46
4-Et Py-NO 820 1 2 , 2 0 0 0.59
2 , 4 - ( C H 3 )g Py-NO 765 13,070 0.37
QNO 733 13,640 0.33
4-(CH3)  QNO 750 13,330 0.40
IQNO 810 12,350 0.51
* Not available
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1 . 6 .2 .  Nickel and Cobalt Complexes
T h e re  have  been severa l  deta i led r ep o r t s^ ^  ,108,114,171 184 
con ce rn in g  complexes of py r id ine  N-oxide with n ickel( I I )  and  
cobalt  ( I I ) .  No coord ina tion complexes of cobalt  (III)  containing  
a p y r id in e  N-ox ide donor  has  been  r e p o r t e d .
72 114 172I n f r a r e d  s tu d ie s  ’ ’ and o th e r  da ta  p r e s e n t e d
in th e  l i t e r a t u r e  have  shown tha t  p y r id in e  N-oxide forms h ex ak i s -  
c oo rd ina ted  n icke l ( I I )  a n d / o r  coba l t ( I I )  spec ie s ,  [M(Py-NO)^] 
not  only in th e  p r e s e n c e  of such  poorly  coord ina ting  anions as
p e rc h lo r a te  i on, but  also with b e t t e r  coord ina ting
114 71 173a g e n t s  s uch  as n i t r a t e  ion,  ch loride  ion,  ’ bromide
71,115,173 . . . . 71,115 r rion,  and  iodide ion.  The ease of formation
of h e x a k i s - c o o rd in a te d  n icke l ( I I )  and  coba l t ( I I )  complexes
with p y r id in e  N-ox ide is in marked  c o n t ra s t  to the  coordina tion
te n d e n c ie s  of p y r id i n e ,  which has  been  shown to form te t ragona l
n i c k e l ( I I ) ^ ^ ^ ’ ^^^ and coba l t ( I I )^^^  complexes [M(Py)^]
in th e  solid s t a t e  and  to form [M(Py)^] X^ (M = C o( I I ) ,
N i( I I ) ;  X = CIO^, BF^) only in solut ion.  The complex
(Ni( 4 -N 0 2  P y - N 0 )^ ]C l2 a p p e a r s  to be the  only one in the
l i t e r a t u r e  involv ing  a h ex a k i s - c o o rd in a te d  s u b s t i t u t e d  pyr id ine
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N-oxide Ni(II)  hal ide .
With s te r ica l ly  h in d e re d  p y r id in e  N -ox ides ,  complexes
of the  form ( n < 6 ) a re  also ob ta ined  p rov ided  the
r i g h t  env i ronm en ta l  condit ions  ex i s t  d u r in g  th e i r  p re p a ra t io n .
A five coord ina te  complex of 2-picoline N-oxide with Co(CIO. )  ^
177is r e p o r t e d .  The complex [Co( 2 - ( C H 3 ) -P y-N O )^]  (CIO^) 2
h a s ,  accord ing  to x - r a y  c ry s ta l lo g rap h ic  d a t a ,  a s l igh t ly
138d i s to r t e d  bipyram idal  s t r u c t u r e .  T e t r a - c o o rd in a te d  Co(II)  
and  Ni(II)  p e r c h lo ra te  complexes a re  only ob ta ined  when 
pos i t ions  2- a n d / o r  6 of the  p y r id in e  N-oxide a re  occupied .  
The  complexes [C o( 2 , 6 - ( C H 3 )z Py-NO)^]  (CIO4 ) 2 » [Ni(2 , 6 -  
(CH 3 ) :  P y -N 0 )4 ] (0 1 0 4 ) 2  and  [Ni(2 -C H 3 P y -N O ) 4 (CIO4 ) 2
a re  all t e t r a - c o o r d i n a t e , hav ing  approx im ate ly  s q u a r e  p lana r  
157,158,165s t r u c t u r e s .
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Besides  forming h ex a k i s - c o o rd in a te d  Co(II )  and  Ni(II) 
complexes ,  th e  ha l ides  and  n i t r a t e s  of th e se  metals form a wide 
v a r i e ty  of complexes with aromatic N -ox ides .  N i( l l )  complexes
178of the  form NiLgI^ (L = 2- or  4-picoline N-oxide)  a re  r e p o r t e d .
179The  r e d  complex N i (P y -N O ) 4 l 2 was ob ta ined  by hea t ing  the
yellow [N i (P y -N O )^ ] I 2 at  100°C. 3:1 complexes have  been  r e p o r t e d
for  Co(II)  ha l ides .  The bromide and  the  ch loride  3:1 Co(II)
173complexes a re  of the  ty p e  [C o (P y -N O )^ ] [ C0 X4 ] . 2:1 and
1:1 N-ox ide Co(II )  and  Ni(II)  hal ide aromatic N-oxide complexes
are  numerous  and  a l a rge  num b e r  of them a re  ob ta ined  in the
178 180form of h y d r a t e s ,  o r  a lcohola tes .  ’ Magnetic (Meff = 4.50 -
4 .5 4 B .M .)  and  s p e c t r a l  p r o p e r t i e s  a re  in favor  of t e t r a h e d r a l
s t r u c t u r e s  fo r  CoLgXz (L = Py-NO,  2 -C H 3 Py-NO,  2 , 4 - ( C H 3 ) 2 "
Py-NO,  2 , 6 - ( C H 3 ) 2  Py-NO,  2 , 4 , 6 - ( C H 3 ) 3  Py-NO; X = Cl, B r ,  I)
c o m p l e x e s . N i L 2 X2 (L = Py-NO,  X = Cl, Br ;  L = 2 ,6 -
(CH 3 ) 2  Py-NO ,  X = B r )  complexes exh ib i t  electronic  s p e c t r a
and magnet ic moments s u g g e s t iv e  of h e x a c o o rd in a te d ,  po lynuc lear  
178s t r u c t u r e s .  Complexes of aromatic N-oxides with Co(II)  and
Ni(II)  h a l id e s ,  invo lv ing  1:1 M to L ra t io ,  may be ob ta ined  by
182 183uti l iz ing  t r i e t h y l  o r tho fo rm a te  as reac t ion  medium. ' or
by  hea t in g  ML2 X 2 o r  MLX2 . n H 2 0  complexes^^^’ and a r e ,
. . .  1 , 178,182,184in g e n e ra l ,  b i-  o r  p o lynuc lea r .
A few Ni(I I)  and  Co(II )  su lpha te  complexes with aromatic 
104N-oxides  were r e p o r t e d .  These  complexes a re  formulated
as follows: [ Co( 2 , 6 - (  CH3 ) 2 Py-NO) (OH2 ) 5 l (SO4 ) ; [2 , 6 - ( C H 3 ) 2 -
P y - N 0 ) ( 0 2 S0 2 )N i( 2 , 6 - ( C H 3 ) 2  Py-NO) 2 Ni(Q 2 SÜ 2 ) ( 2 , 6 - ( C H 3 ) 2 - 
Py-NO )]  and  a re  b in u c lea r  pen taco o rd in a ted  2 ,6 - lu t id ine  N-oxide 
b r i d g e d ,  with che la t ing  b id e n ta te  s u lp h a te  l igands .
Complexes of p y r id in e  N-oxide  and  quinoline N-oxide
171with [M (N C S ) 2 ] a c c e p to r s  (M = Co, Ni) a re  also r e p o r t e d .
Among th e  s t r u c t u r a l  t y p e s  identi f ied  a r e ,  the  oc tahedra l  monomeric 
[Co(Py-NO )4 (N C S ) 2 ] and  o c tahed ra l  p seudoha l ide  b r id g e d  [Co(Py-NO 
(N C S ) 2 l complexes.  The Ni(II)  p y r id ine  N-oxide complexes conta in 
coord ina ted  w a te r  o r  e thano l ,  bu t  the  quinoline N-oxide  complexes 
do no t .  Complexes formed by  in te rac t ion  of excess  2 ,6 - lu t id ine  N-
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oxide with Ni(II)  and  Co(I I )  th iocyana tes  a re  ch a ra c te r i z e d  
as  follows: [ L 2 ( SCN ) M( NCS) N C S ] (M = Co, Ni; L =
2 ,6 - lu t id in e  N -o x id e ) ,  involving pen tacoo rd ina ted  dimers with 
terminal  iso th iocyana to  as well as  b r id g in g  NCS g ro u p s .
1 . 6 .3 .  C o p p e r ( II ) Complexes
A v a r i e ty  of complexes may be formed be tween aromatic
N-oxides  and  c o p p e r ( I I )  com pounds .  P yr id ine  N-oxide r eac t s  with
c o p p e r ( I I )  p e r c h l o r a t e  to give a ye l low -green  h exak i s  - o r  a blue
107 108g reen  t e t r a k i s  ( P y - N O )c o p p e r ( I I ) sa l t .  ' Often the  t e t r a k i s
compound is depos i t ed  ini t ial ly from solut ions  of the  ap p ro p r ia t e  
mole ra t io  of l igand to metal ion,  b u t  when allowed to s tan d  in 
the  p r e s e n c e  of ex c e s s  l igand ,  th e  init ially p rec ip i ta ted  b lu e -g re e n  
solid becomes more yellow in color.  C o p p e r ( I I )  sal t s  of anions 
more bas ic t h a n  p e rc h l o ra t e  r eac t  with py r id ine  N-oxide and  many 
of i ts  d e r iv a t iv e s  g iv ing  r i se  to lower l igand to metal r a t io s .  By 
f a r  the  most e x t e n s iv e ly  s tu d ie d  a re  the  cupr ic  hal ide complexes.
Cupr ic  ha l ide  complexes with aromatic N-ox ides  could be 
class i f i ed  as (a )  low and  normal magnetic moment dimeric 1 : 1  complexes,  
(b )  normal and  low magnet ic moment 1 : 2  dimeric complexes,  (c) 
t r a n s  and  d i s to r t e d  cis 1 : 2  monomeric complexes with normal magnetic 
moments,  (d )  polymeric complexes ,  (e)  a d d u c t s  of the  above .
(a)  Low and  normal magnet ic moment dimeric 1:1 complexes
On the  bas is  of low magnetic moments o b s e rv e d  at room 
t e m p e ra t u r e  and  a marked  t e m p e ra tu r e  dep en d e n ce  of the  magnetic 
s u s c ep t ib i l i ty ,  the  CULX2 ty p e  compounds were a s s ig n ed
a b i-  o r  po ly n u c lea r  s t r u c t u r e  . Complete x - r a y  examination of s ingle  
c r y s t a l s , 134,185 confirmed  t h e -p r o p o s e d  s t r u c t u r e  for  the  complex 
with p y r id in e  N -ox ide .  The la tes t  re f inement of the  c r y s t a l  s t r u c t u r e  
of [ Cu(P y-N O  )Cl2 ] 2 showed th a t  th e  dimeric molecule cons i s t s  
of two d i s to r t e d  t e t r a h e d r a  s h a r in g  an e d g e ,  with the  o x ygen  atoms 
of the  p y r id in e  N-oxide l igands  ac t ing  as b r id g in g  u n i t s .  The
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dimers  a re  held t o g e t h e r  by weak ch loride  bridges}®^ th e  c o p p e r -
o
c o p p e r  and  o x y g e n - o x y g e n  in te rmolecu la r  d i s t a n c e s  a re  3 .2 5 A 
and  2.4A r e s p e c t iv e ly  (Fig .  2 ) .  However  ^^Cl NQR s tu d ie s
Fig.  2. The  s t r u c t u r e  of [ C u ( P y - N 0 )C l2 ] 2 . R epor ted
o
C u -C u  d i s t a n c e s  in A . Dotted l ines def ine ideal ised 
planes  of coord ina tion .
and  the  in f r a r e d  da ta  ra i se  some d o u b t s  on th e  conclusions  reac h ed  
above  and  s 
does  not o ccu r .
u g g e s t  t h a t  ch loride  b r id g in g  be tween  ad jacen t  dimers  
186,187
The magnet ic da ta  of t h e se  complexes re f lec t  cons ide rab le
s p in - s p in  in te rac t ion  be tween u n p a i re d  e l ec t ro n s  on ad jacen t  co p p e r
71 ,107 ,112-114 ,167-170,188,189 . , , .10n s .  A s u p e r e x c h a n g e  mechanism
o p e ra t in g  th r o u g h  th e  b r id g in g  N-oxide o x y g e n  atom has  been
37s u g g e s t e d  to account  for  th e  low magnet ic moments.  The
t e m p e r a t u r e  d e p e n d e n c e  of th e  param agne t i sm of complexes of th e se
* uv u J  J  • , f 37,112,188,190-192ty p e s  was e s tab l i sh ed  d u r in g  a n u m b e r  of s t u d i e s ;
Meff is genera l ly  subnormal in th e  80 -  350 K re g io n .  The m^ ££
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of a num ber  of c o p p e r ( I I )  hal ide complexes of p y r id in e  N-oxides
which a re  of p a r t i c u l a r  r e levance  to the  p r e s e n t  work  a re  given
in tab le  2. The marked  t e m p e ra tu r e  dep en d e n ce  of the  magnetic
moments of th e s e  complexes ind ica te s  t h a t  below 195 K the
37 193t r ip le t  s ta t e  was in most cases  not app rec iab ly  popu la ted .  ’
Table 2
Magnetic moments of 1:1 C u( I I )  hal ide aromatic N-oxide complexes 




[ ( P y - N O C u C l J j 0 .59,  1.06,  0.63
[ ( 2 - C H 3 P y - N O C u C l J z •  •  «
( ( 3 - C H 3 P y - N O ) C u C l J z 0 .55,  0.97
[ ( 2 , 6 - ( C H 3 ) 2  P y - N O C u C l J z 0 . 6 8 , 0 . 2 2
I ( 2 , 4 , 6 - ( C H 3 ) 3  P y - N O C u C l J z 0.63
[ ( 4 - C l - P y - N O ) G u C l j 2 0.58,  0.28
{ (4 -CN -Py-N O )CuCl2]2 0.36
[ (4 - N 0 2 - P y - N 0 ) C u C l2 ] 2 1.01,  1.20.  0.95
l (Q N O )C u C l 2 ] 2 0, 0.36
[ ( P y - N 0 ) C u B r 2 ] 2 0.24,  0.65
[ ( 2 -C H 3 P y - N O ) C u B r 2 ] 2 • • •
[3 -C H 3 P y - N O ) C u B r 2 ] 2 0.80
[ (2 ,6 - (C H 3 )2  P y - N O ) C u B r 2 ] 2 0.65,  0.40
( 2 ,4 ,6 - (C H 3 )3  P y - N 0 ) C u B r 2 ]z 0.60
[4-Cl P y N O ) C u B r 2 ] 2 0.23,  0.48
[(4-CN P y - N O ) C u B r 2 l 2 0.79
[4 -N O 2 P y - N 0 ) C u B r 2 ) 2 1.77 ,  0.45
[ ( Q N O C u B r z l z 0, 0.40
[ ( 3 -N O 2 - 6 -C H 3 Q N O )C u B r 2 ] 2 1.72
* Dif fe ren t  values  of magnetic moments a re  ta k en  from d i f fe ren t  
r e f e r e n c e s  which could be found in r e f .  193
“ 1 1 6 “
The magnetic s u sc ep t ib i l i ty  of C u ( I I )  ions in t h e se  b inuc lea r
complexes can be f i t ted  to an equat ion  which is d e r iv e d  from a
simple sca la r  in t e rac t ion  of the  form -2J . .S . .S .  . For a b inuc lear
ij 1 1
complex th e  ex c h a n g e  e n e r g y  J  is th e  sepa ra t ion  between the
s ing le t  and  t r i p le t  s t a t e s  g e n e ra te d  by  th e  sca la r  in t e rac t ion .
The  in te rac t ion  is usua l ly  an t i fe r rom agne t ic  and  the  g ro u n d  s ta te  
190is th e  s ing le t .  It  should  be no ted  t h a t  Hyde et al.  ob ta ined
a b e t t e r  fit of magnetic s u sc ep t ib i l i ty  and  e . s . r  da ta  for  the  [C u ( P y “
NO)Cl 2 ] 2 complex b y  assuming th e  p r e s e n c e  of small amounts of
191monomeric C u ( P y - N 0 )Cl2 spec ie s  in t h e i r  samples.
The  mechanism of s u p e r e x c h a n g e  in 1:1 complexes has
been  th e  su b jec t  of specu la t ion .  Watson ^  al . po in ted  out  the
normal l e n g th  of t h e  Cu-Q b r id g e  bonds  and  p r e f e r r e d  a ir-mechanism
which  might  be in f luenced  by  th e  close proxim ity  of the  b r id g in g  
o 1 3 0
o x y g en  atoms ( 2 . 5 A ) .  Muto ^  s u g g e s t e d  th e  following two 
p a t h w a y s ;  one which is a ir-type and  th e  o th e r  a o - ty p e  pa thway  
(F ig s .  3a,  3b). The  o -pa thw ay  was p r e f e r r e d  because  of the
' f ' i - i i s i
. f o v e r l a p
d.' /  \
F i g . 3a . E lec tr o n  e x c h a n g e  p a th w a y  o f  o - t y p e ,
- 1 1 7 -
v-tyoc overlap
Fig .  3b.  Elect ron ex c h a n g e  pa thw ay  of i r- type.
in t r in s ica l ly  l a r g e r  meta l- l igand  ove r lap  in teg ra l s  and because  of
th e  c lea r  cor re la t ion  between magnetic moments and d - d  band
170maxima in t h e s e  complexes .  Jotham et p r e f e r  the  l a t t e r
a p p ro a c h  and  s u g g e s t  tha t  th e  mechanism of s u p e re x c h a n g e  is
dominated  by  two p a t h s  which promote an ef fect ive metal-metal
o v e r l a p  in oppos ite  s e n s e s ,  ye t  co -ope ra te  in the  an t i fe r romagne t ic  
194p r o c e s s .
P y r id ine  N-oxide is p r e s e n t l y  the  only l igand which is 
monoden ta te  and  gives  dimeric c o p p e r ( l l )  complexes with a v a r ie ty  
of s u b s t i t u e n t s  on th e  p y r id in e  r i n g .  Accordingly  e x tens ive  
s tu d i e s  have  been  c a r r i e d  on th e  ty p e  of compounds  because  
(1) p y r id in e  N-oxide is a monodenta te  l i g a n d , and i t s  coord ina te  
bond  to th e  metal ion is not invo lved  in any  o t h e r  metal l igand
- 1 18-
bond ( th i s  el iminates the  possib le  complexity in the  demagnet izat ion 
mechanism which may occu r  if a s imilar coord ina te  bond were p a r t  
of a che la te  r i n g ) ;  ( 2 ) the  e lec tronic  e f fec t  of the  s u b s t i t u e n t s  
on the  py r id ine  r ing  should  t r ansm it  d i r e c t ly  to the  N-oxide 
o xy g en  atom which is in the  s u p e r e x c h a n g e  pa thw ay  Cu - 
O -  Cu.  However as the  exper im en ta l  da ta  fo r  th e se  py r id ine  
N-ox ide complexes have  accum ula ted ,  it h as  become obvious  th a t  
the  relat ion  between the  magnetic p r o p e r t i e s  of the  complexes and  
th e  elec tronic  n a tu re  of the  s u b s t i t u e n t s  is much more complex 
tha n  was ini tially a n t ic ip a ted .
37Hatfield and Paschal  m easu red  the  ex c h a n g e  ene rg ie s
for  a s e r ie s  of complexes of p y r id in e  N-oxide ,  with s u b s t i t u e n t s  
of -N O 2 , -H ,  -C H 3 , Cl, and  -OH in th e  4-pos i t ion  of the  py r id ine  
r ing ,  with e i th e r  co p p e r  ch loride  o r  c o p p e r  bromide and r e p o r t e d  
a cor re la t ion  with the  s u b s t i t u e n t  p a r a m e te r  a^. Kato ^  al. 
i n v e s t ig a t e d  a more e x t e n s iv e  se r ie s  of complexes and  r e p o r t e d  
no co r re la t ion  of the  magnetic moments with an y  a value 
ho w e v e r ,  t h e y  did r e p o r t  a co r re la t ion  be tween an elect ronic  abso rp t ion  
band  in the  reg ion  10,000 -  14, OOOcm”  ^ and  the  room te m p era tu re  magnetic 
moments.  Th is  co r re la t ion  would imply a p ropo r t iona l i ty  be tween 
the  f i r s t  exc i ted  s ing le t  s t a t e  and  th e  low-ly ing t r i p le t  s ta t e  
which a r i s e s  owing to the  sca la r  coupl ing  in t e r a c t io n .  This  would 
imply tha t  the  f ac to r s  which af fect  th e  e lec tronic  e n e r g y  levels  
also affec t  the  s u p e r e x c h a n g e  mechanism. C h a n g e s  in the  
geometrical  d i s t r i b u t io n  of l igands  a r o u n d  the  c o p p e r  ion c h an g e  
the  c r y s t a l  field and  shi f t  t h e  e n e r g y - l e v e l s . C hanges  in 
geometry  may a r i se  from the  i n t e r -  and  in t ramolecu la r  in t e r a c t io n s .
A c hange  in the  c r y s t a l  field s t r e n g t h  of a l igand also a f f ec t s  the  
e n e r g y  levels .  The c r y s t a l  field s t r e n g t h  of the  aromatic N-oxide 
l igands  may be modified by the  addi t ion  of s u b s t i t u e n t s  to the  
p y r id in e  r i n g . This  may d i r ec t ly  c h an g e  th e  d ipo la r  n a t u r e  of 
th e  N -0  bond ,  or  it may e x e r t  i ts  in f luence  t h r o u g h  a b a c k - n -  
bond ing  mechanism.
The  in fluence of hal ide ions on the  d - d  b an d  pos i t ion and  
the  demagnet iza t ion  in the chloro  and  bromo complexes  is qu i te
- 1 1 9 -
i n l e r e s t i n g  because  in g e n e ra l ,  it is not what would be e x p ec ted
from the  posi t ions  of th e se  ions in the  spect rochemical  s e r ie s .
In almost all c a s e s ,  the  magnetic moments of bromo complexes
a re  smaller  than  those  of the  c o r r e s p o n d in g  chloro  complexes
(Tab le 2) .  Hatf ield and  coworkers^^^  s u g g e s t e d  tha t  thi s
phenomenon may be due  to the  d i f fe re nce  in s p in -o rb i t  coupl ing
and  t e m p e ra tu re  i n d e p e n d e n t  paramagneti sm between ch loro
and  bromo complexes .  Kato et al .  s u g g e s t e d  th a t  the  d i f f e re n ce
in nephe lauxe t ic  e f fec t s  of the  chlor ide and  bromide ions p ro d u c e s
s uch  d i f f e re n ces  in magnetic moments.  The g r e a t e r  cloud
e x p a n d in g  ef fect  of  the  bromide ions will p ro d u c e  a g r e a t e r
o v e r l a p p in g  of the  r e le v an t  o rb i ta ls  of the  metal ions and
th e  l igand molecules.  This  would give g r e a t e r  covalency  in
th e i r  bonds  and  should  give smaller  magnetic moments for
the  bromo complexes .  Figgis  and  Nyholm summarized the
co n t r ib u t io n s  of th e  t e m p e r a t u r e  in d e p e n d e n t  param agnet i sm
196 197and  th e  s p in - o r b i t  coupling in metal complexes .  ' With 
a few e x c e p t io n s ,  th e  d - d  b a n d s  of bromo complexes with 
p y r id in e  N-oxides  a p p e a r  at h ig h e r  wavenum bers  than  those  
of th e  c o r r e s p o n d in g  chloro  complexes .  The l igand f ields 
of t h e se  bromo complexes a r e  l a r g e r  tha n  those  of the  chloro 
complexes s u g g e s t in g  smaller  con t r ibu t ion  to s p in -o rb i t  coup l ing .  
Some w o rk e r s  have  r e p o r t e d  the  anomalous behav iou r  of ce r t a in  
dimeric c o p p e r ( I I )  hal ide complexes which could be
exp la ined  by  the  concep t  of s o f tn es s  and  h a r d n e s s  of metal
, .. , 170ions and  l ig an d s .
A num ber  of chloro  o r  n i t ro  s u b s t i t u t e d  quinoline and  
methyl  quinoline N-ox ides  form magnetica l ly normal 1:1 complexes
with C u( I I )  l i aH des l l3 '192 '201 ,202  ( e . g .  [ C u ( 4 -N 0 2 -QN0 )C l 2 ] ^
2 0 ?with = 1.98 B.M. at 4.2 K, and  2.08 B.M. at 299 K.
The magnetic b eh av io u r  of the  l a t t e r  complexes was a t t r i b u t e d  
to h a l id e -b r id g e d  dimeric s t r u c t u r e s  by Hatfield and  co­
w o rk e r s ;  while Muto and  Jo n as se n  assumed o x y g e n - b r i d g e d
s t r u c t u r e s  for  th e s e  complexes and  i n t e r p r e t e d  th e i r  normal 
paramagneti sm in te rm s  of th e  e l e c t ro n -w i th d ra w in g  ef fect
113of th e  n i t ro  o r  ch loro  s u b s t i t u e n t  on the  b r id g in g  o x y g e n s .
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(b )  Normal and  Low magnet ic moment 1:2 dimeric complexes
1:2 N -o x id e -c u p r i c  ha l ide complexes a r e ,  in most c a se s ,
monomeric an d  magnet ical ly  normal .  However ,  a few complexes
of th i s  ty p e  a r e  b in u c le a r  and  h a v e  subnormal  magnet ic moments.
The  s t r u c t u r e  of d ic h lo ro b i s ( p y r id in e  N - o x id e )c o p p e r ( I I )  has  
193been  r e p o r t e d .  The  complex may be co n s id e re d  as  a p y r id in e
N-oxide  a d d u c t  of th e  1:1 complex.  The c o p p e r ( I I )  ions a re
pe n ta c o o rd in a t e  wi th th e  e x t r a  p y r id i n e  N-oxide l igands  lying
t r a n s  to th e  p lane  of th e  joined b a s e s .  Two N - 0  s t r e t c h in g
f r e q u e n c i e s  a r e  o b s e r v e d  in th e  i n f r a r e d  s p e c t ru m ,  ind ica t ive
of th e  two ty p e s  of N-oxide  coord ina tion  with th e  lower f r e q u e n c y
being  as soc ia ted  with  t h e  b r i d g e d  l igand .  Dimeric d ib romobis -
( p y r id in e  N - o x id e )c o p p e r ( I I ) was ci ted as  p ro b a b ly  belong ing
to t h e  same s t r u c t u r e  t y p e  as  th e  ch loride  analogue  and  as hav ing
a l a r g e r  magnet ic moment t h a n  th e  ch loride  ana logue .  This
r e s u l t  was u n e x p e c t e d ,  f o r  in th e  1:1 s e r ie s  of p y r id in e  N-
ox ide complexes b romides  exh ib i t  smaller  room - tem pera tu re
moments.  The  x - r a y  c ry s ta l lo g ra p h ic  r e s u l t s  showed th a t
th e  s t r u c t u r e s  of t h e  bromide an d  ch loride  complexes d i f f e r
s ign i f i can t ly ,  even  th o u g h  th e  s t r u c t u r a l  un i t  is a p e n t a -
coo rd ina ted  dimer  a n d  th e  c o p p e r - c o p p e r  d i s ta n ces  a re  about
144t h e  same in bo th  c a s e s .  The  p r inc ipa l  d i f fe rence  between 
t h e  two complexes is t h e  o r ien ta t ion  of th e  b r id g in g  plane 
with  r e s p e c t  to t h e  C u ( h a l o g e n ) 2  g r o u p s ,  In th e  chlor ide 
d imer  t h e  c h lo r in e ,  c o p p e r ,  a n d  b r id g in g  o x ygen  atoms lie 
approx im ate ly  in a p lane ,  an d  th e  n o n - b r id g i n g  o x ygen  atoms 
lie above  and  below th i s  p lane .  The  s t r u c t u r e  of  th e  bromide 
complex c o n s i s t s  of  two cen t ro sym m et r ic  dimeric molecules 
c ry s ta l lo g ra p h ic a l ly  n o n - e q u iv a l e n t .  In bo th  dimers  each  c o p p e r  
atom is coo rd ina ted  b y  two bromine atoms,  and  b y  t h r e e  oxygen  
atoms of which two a r e  b r i d g i n g .  The  bromine  atoms a r e  loca ted  
above  an d  below th e  p lane  de f ined  by  th e  c o p p e r  atoms and  
th e  b r id g in g  o x y g en  atoms (Figs.  4a,  4 b ) .  T h e r e f o re ,  fo r  
t h e  bromide dimer  to fit t h e  s t r u c t u r e  ty p e  of th e  ch loride  
d im er ,  th e  p lane  of th e  c o p p e r  and  b r id g in g  o x ygen  atoms












Fig.  4. A view of dimer (a)  and  dimer
(b )  of d ib rom ob is ( p y r id in e  N-oxide)  
c o p p e r ( I I )  ( r e f .  144) .
would hav e  to be r o t a t e d  by 90° with r e s p e c t  to th e  r e s t  of 
th e  s t r u c t u r e .
195The magnet ic moment of th e  bromide complex (1 .4  B .M .)
is in te rm ed ia te  be tween  th e  value r e p o r t e d  fo r  the  dimeric 1 : 2
203n i t r a t e  complex (1.88  B .M .)  and  th e  values  r e p o r t e d  for
th e  ch loride  complex (0 .46  B .M .) .^^^  Watson a s c r ib e d  th e
d i f fe rence  in t h e  magnet ic moments of th e  l a t t e r  two compounds
to a d i f f e re n t  spacia l  r e la t ionsh ip  be tween ad jacen t  in t e ra c t in g  
193o rb i t a l s .  Mighell ^  al .  gave a d i f f e re n t  exp lanation  for
th e  r a t h e r  h igh  magnet ic moment of th e  bromide com plex , and
developed  an in d i r ec t  r e la t ionsh ip  between th e  magnetic p r o p e r t i e s
of t h e  b ro m id e , ch lor ide  and  n i t r a t e  complexes ,  by  showing
th a t  th e  con f igu ra t ion  of th e  bromide dimers  is in te rmedia te
between two hypo the t ica l  s t r u c t u r e s  p o s tu la ted  on th e  bas is
144of two d i f f e re n t  d i r ec t ions  of the  weak b o nd ing .
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A nother  in t e r e s t in g  1:2 dimeric complex is the  magnetical ly
normal d ich lo robis  ( 4-picoline N-oxide) coppe r  ( II ). The c ry s ta l
s t r u c t u r e  inves t iga t ion  of th is  compound revea ls  a dimeric s t r u c t u r e
where  two of the  C u - 0  bonds  in the  b r id g e  a re  e longa ted ,  while
th e  two o th e r  b r id g in g  C u - 0  bonds  and the  two a d d u c t  C u - 0  bonds  
193a re  normal.  The magnetic moment of the  co r r e s p o n d in g
bromide complex is 1.33 B .M . ,  and  is indica t ive of magnetic 
203e x c h a n g e .  The  3-picoline N-oxide complex with co p p e r  bromide
shows a ro o m - tem p era tu re  magnetic moment of 1.69 B.M. and 
a moment of 0.63 B.M. at 77K. Like the  co r r e s p o n d in g  C u C lz . -
( 4 -C H 3 Py-NO) 2 complex,  C u C lz . ( 3 -C H 3 P y -N 0 ) 2  is magnetical ly
, 203norm a l .
(c)  T r a n s  and  d i s to r t e d  cis 1:2 monomeric complexes with 
normal magnet ic moments
Magnetical ly normal 1:2 N - o x i d e - c o p p e r ( I I ) hal ide 
complexes may be ob ta ined  in two c rys ta l l ine  modificat ions 
(a t h i r d  modificat ion is th e  dimeric,  N -o x id e -b r id g e d  s t r u c t u r e ) .  
Green monomeric C u X j . L j  complexes ( e . g .  L = 4-picoline 
N -oxide ,  X = Cl) have  t r a n s  s q u a r e  p la na r  g e o m e t r y , w h i l e  
yellow isomers ( e . g .  L = 2 , 6 - lu t id ine  N-oxide ,  X = Cl) have 
a d i s to r t e d  geom etry ,  which is in termedia te  be tween cis s q u a re  
p la n a r  and  t e t r a h e d r a l T h e  s t r u c t u r e  of th e  l a t t e r  may 
be approx im ated  by  r o ta t in g  two cis l igands  by  45° about  an 
axis  b isec t ing  them and p as s in g  th r o u g h  th e  co p p e r  atom or  
by ro ta t in g  two t e t r a h e d r a l  l igands  by 45° a ro u n d  an axis  
b isec t ing  them and  p a s s in g  th r o u g h  the  co p p e r  atom.^^^ Watson 
has  pos tu la ted  th e  following mechanism for  th e  formation of 
the  two isomers.  The  1:2 dimeric-complex  is ini t ial ly formed,  
which e i th e r  c ry s ta l ize s  o r  d issoc ia tes  to th e  cis d i s to r t e d  
monomer. The monomer r ap id ly  isomerizes to th e  therm odynamica lly  
more s tab le  t r a n s  form
(d)  Polymeric complexes
P o lyb is (p - (2 -p ico l ine  N - o x id e ) - c h l o ro c o p p e r ( I I ) d i - p - c h lo r o ) -
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d i a q u o c o p p e r , Cu.^Cl^( 2-CH 3 Py-NO ) 2 * 2H , is an exceptiona l  
compound ( 2:3 complex) .  From the  magnetic p ro p e r t i e s  and  
c ry s ta l lo g ra p h ic  ana lys is  of th i s  compound,  it was confirmed 
by Watson ^  a l . t h a t  th e  s t r u c t u r e  of th i s  complex cons i s t s  
of infin i te  l inear  cha ins  con ta in ing  both  f ive and  s ix -co o rd in a teed  
c o p p e r ( I I )  ions b r id g e d  by e i t h e r  ch lorine  o r  oxygen  atoms.
The  s t r u c t u r e  can be r e g a r d e d  as an a l t e rn a t in g  l inear  chain 
cons is t ing  of C u 2 C l^ (2 - C H 3 P y - N 0 ) 2  u n i t s  and  CuCl2 . ZH^O 
u n i t s  joined by  long Cu-Cl b o n d s .  The same a u t h o r s  also 
p roposed  th a t  t h e  c o p p e r  ions in th e  C u 2 Cl^ ( 2 -C H 3 P y -N 0 ) 2  
uni t  i n t e r a c t  an t i fe r rom agne t ica l ly  t h r o u g h  th e  b r id g in g  o x y g e n s ,  
while th e  c o p p e r  ions in CUCI2 . 2 H2 O do not i n t e r a c t  with 
those  of th e  C u 2 Cl^ ( 2 -C H 3 P y - N 0 ) 2  u n i t s  t h r o u g h  th e  b r id g in g  
ch lorine  atoms (F ig .  5) .  Miyoshi et al .  p e r fo rm ed  magnetic 
s u sc ep t ib i l i ty  and  ESR measurem ents  and  conf irmed th e  s t r u c t u r e  
p ro p o s ed  by  Watson et al.  The ha l f - f ie ld  r e s o n an ce  n e a r  1600 Oe 
in th e  ESR s p e c t ru m  of th e  pow der  sample was a s s ig n ed  to 
th e  AM = ± 2 fo rb id d e n  t r a n s i t io n  a r i s in g  from th e  ex is tence  
of th e  dimer spec ies  C u 2 Cl^ ( 2 -C H 3 P y -N 0 ) 2 , while th e  r e sonance  
at 3250 Oe was a s s ig n e d  to AM = ±1 t r a n s i t io n  a r i s ing  from 
magnetical ly iso la ted  c o p p e r  ions in the  C uClg . 2 H2 O .
Cl 0^ -| — 1 8
\  f
H C l -   C l
L = 2 - C H ,  P y - N O
F i g . 5. Schematic c r y s t a l  s t r u c t u r e  of Cu^Cl^( 2 -C H 3 -
P y -N 0 ) 2 . 2 H2 O • The a r row  shows the  c -ax is  
d irec t ion  ( r e f .  205).
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Al though  the  polymeric CugCl^( 2 -C H 3 P y -N O ) 2 . 2HgO 
complex e xh ib i t s  low magnet ic moments s evera l  CugCl^Lg
(L = 4-Cl-QNO,  4-Cl 6 -C H 3 -QNO) and  Cu^ClgL^ (L = S-NO^- 
6 -C H 3 -QNO) complexes a re  magnetical ly n o r m a l T h e s e  
complexes are  most p ro b ab ly  c h a ra c t e r i s e d  by chlorine - r a t h e r  
t h a n  N -ox ide-  b r i d g e s .
(e)  A dduc ts  of 1:1 and  1:2 complexes
A dduc ts  a re  read i ly  formed be tween 1:1 complexes of 
aromatic N-oxides  and  DMF, DMSO, HjO and  C H 3 O H .  These  
complexes exh ib i t  magnetic moments similar to t h e i r  p a re n t  
complexes ind ica t ing  tha t  the  so lvent  molecule does not affect  
s ign i f ican t ly  the  orb i ta l  conta in ing the  magnetic e lec t ron .  Watson 
h as  a s c r ib e d  th i s  p r o p e r t y  to th e  fact  tha t  magnetic e lec trons  
a r e  local ised within the  plane  of th e  b r id g e ,  and p roposed  a 
p en taco o rd in a te  t r a n s - s u b s t i t u t e d  dimeric s t r u c t u r e ,  because  a 
s ix coord ina te  s t r u c t u r e  ach ieved  via b r id g in g  ha logens  would 
not be fav o u red  by  the  s te r i c  r e q u i r e m e n t s  of the se  complexes 
espec ial ly  if the  o r th o  pos i t ion of the  r ing  is s u b s t i t u t e d
As in th e  case of with 1:1 ana logues ,  monomeric 1:2 
N - o x i d e - C u ( l I ) ha l ide complexes may form a d d u c t s  with n e u t ra l  
l igands  ; th e se  a d d u c t s  a re  magnetical ly n o r m a l . A  monomeric 
a d d u c t  of th is  ty p e  C u ( 4 - N 0 2  Py-NO) gCuClg ( OH2 ) % , cons is t s  
of t r a n s  s q u a r e  p la n a r  atoms of the  4 -N O 2 Py-NO molecules 
loosely bonded  to the  c o p p e r  ion at the  axial pos i t ions;  the  
geometry  of th e  complex is d i s to r t e d  te t r agona l  b ipyramidal .
A se r ie s  of 1:2 complexes of C u ( I I )  benzoate  with N-oxides
(Py-NO ,  2 -C H 3 Py-NO,  2 , 4 , 6 - ( C H 3 ) 3  Py-NO,  QNO, 2- and  4 -CH3 -
QNO) a re  r e p o r t e d ;  th e se  complexes exhib it  subnormal  magnetic
moments (1.38 -  1.42 B .M .)? ^ ^  C u ( I I )  acetate^*^^ and sal icylate
ana logues  a re  also magnet ical ly subnorm al ,  while b i s - ( s a l i c y l a t o ) -
? f l7
b i s ( P y - N O ) - C u ( I I )  shows of 1.95 B.M.
208Nelson et al.  have  in v e s t ig a t e d  the  inf luence  of t r a n s -  
axial l igat ion of 4 - s u b s t i t u t e d  p y r id in e  N-oxides  on the  metal-metal
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bond formation in c o p p e r ( I l )  ace ta te  complexes ,  where  they  have
e s tab l i sh ed  tha t  the  dimeric c o p p e r  ca rboxy la te  s t r u c t u r e  is p r e s e r v e d .
The r e s u l t s  ob ta ined  a re  in t e r e s t i n g  because  in th is  s e r ie s  of
l i g an d s ,  4 Z -P y -N 0  (Z = CH3 O, CH 3 , H, Cl, NOg ), the  bas ici t ies
span  4 o r d e r s  of m agni tude  while mainta in ing  co n s ta n t  s te r ic
e f fec t s  at the  don o r  s i te .  The magnetic da ta  and  the  d^^ , d^^
---------- ► d y2 t r an s i t io n  ( c o r r e s p o n d in g  to Ô bond  model in
the  dimer)  in the  visible s p e c t r a  a re  summarised  in table  3 .
The magnetic moment of 0.92 B.M. for  the  4 -n i t r o p y r id in e  N-oxide
209complex is the  lowest value ye t  r e p o r t e d  fo r  co p p e r  ace ta te s .  
Examination of the  va lues  r e p o r t e d  in the  table c lear ly  revea ls  (a) 
th a t  the  magnetic moments of the  complexes d e c re a s e  as the  
bac is i ty  d e c re a s e s  and as the  i r -accep to r  ab il i ty  of the  l igand inc reases
(b)  the  e n e r g y  of the  band  in the  visible s p e c t r a  inc re ases  
as the  magnetic su sc ep t ib i l i ty  d e c re a s e s  and  the  bas ic i ty  of the  
l igand  d e c r e a s e s .  T h e re fo re ,  it is concluded  th a t  py r id ine  N- 
oxides  with r e la t ive ly  low bas ic i t i es  and  h igh  ir -acceptor  abil it ies  
enhance  c o p p e r - c o p p e r  bonding  and  tha t  h igh  ir -acceptor  abil i ty 
seems to be s ign i f ican t ly  more e f fec t ive  th a n  weak a -donat ion  
in promot ing c o p p e r - c o p p e r  bonding  fo r  p y r id in e  N-oxides  .
The r e s u l t s  ob ta ined  for  the  c o p p e r ( I I )  ace ta te  complexes
167are  in line with the  r e s u l t s  ob ta ined  by  Muto _et al .  fo r  the 
1:1 dimeric c o p p e r ( I I )  hal ide complexes with 3- and  4- s u b s t i t u t e d  
py r id in e  N -ox ides ,  because  in both  inve s t iga t ions  the  g r e a t e s t  
demagneti sa t ion  of the  complexes and  the  h ig h e s t  e n e r g y  for  
the  lowest band  in the  elec tronic s p e c t r a  c o r r e s p o n d  to the  
complex con ta in ing  the  s t r o n g e s t  e l ec t ro n -w i th d ra w in g  s u b s t i t u e n t  
on the  p y r id in e  N-ox ide ,  ho w ev e r ,  the  ap p ro a c h  to the  problem 
by  th e s e  two g r o u p s  is d i f f e r e n t .  Nelson et al .  i n t e r p r è t e  
th e i r  r e s u l t s  in te rm s  of en h an c ed  ir-back bonding  in the  c o p p e r ( I I )  
ace ta te  s e r i e s ,  while Muto et al .  i n t e r p r é t é  t h e i r  r e s u l t s  for  
1:1 dimeric c o p p e r ( I I  ) ha l ides  in te rm s  of the  change  in spacial 
a r r an g em en t  of the  metal and l igand o rb i ta ls  due  to the  effect  
of s u b s t i t u e n t s  on the  p y r id in e  N-oxide r i n g .  T h e re fo re  it would 
be v e r y  in t e r e s t i n g  to f ind out  if t h e r e  is a l ink be tween the se  
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1 . 6 .4 .  Cadmium(II)  Complexes
C d ( I I ) p e r c h l o r a t e s  and  t e t r a f lu o r o b o r a t e s  yield [ML^]^^
hexac oo rd ina te d  cat ionic complexes  with p y r id in e  N - o x i d e s . ^
C d ( I I )  hal ides  form complexes of the  following ty p e s :  C d I jL j
(L = N -o x id e ) ,  CdX^L, CdX^LCOH^) (X = Cl, B r ,  I ) ,  C d jC l^ L i ,  and
C d 4 Cl8 L2 ( r e f s .  212 -  216).  Based  upon the  obse rva t ion  of
two metal -ha logen  s t r e t c h in g  f r e q u e n c i e s  in the  f a r  i n f r a re d  s p e c t r a
C d l 2L 2 complexes a r e  a s s ig n e d  monomeric t e t r a h e d r a l  s t r u c t u r e s ,
214assuming C 2 v sym m etry .  A l though  the  possib i l i ty  of N-oxide
211b r id g in g  in the  b in u c lea r  1 : 1  complexes  was d i s cu s s ed  
a u t h o r s  f a v o u r  ha logen  b r id g e d  s t r u c t u r e s .  Schmauss  et  al. 
p roposed  t e t r a h e d r a l  polymeric s t r u c t u r e s  of th e  form
the
212
with n = 1 -  3
for  CdX 2b ,  C d 3 Cl8 L 2 and  Cd^ClgL2 complexes and  found th a t  the
C d - 0  bond o r d e r  falls with s te r i c  h in d r a n c e  n e a r  the  don o r  site
of the  N -ox ides .  C ry s ta l  s t r u c t u r e  de termina tion  of the  CdlgPy-NO
complex e s tab l i s h ed  th a t  th i s  compound is composed of infini te
cha ins  with un i t s  of  Cd a l t e rn a t iv e ly  b r id g e d  t h r o u g h  two iodine
atoms and  two oxygen  atoms in an env i ronm ent  of pen taco o rd in a ted
217Cd atoms c o r r e s p o n d in g  la rg e ly  to a t r igona l  bipyram id  a r r a y .
O th e r  C d ( I I )  complexes r e p o r t e d  a re  [C d ( N C S ) 2L ]^  
(L = Py-NO,  2- 3- and  4 -C H a-P y-N O ,  2 , 6 - ( C H 3 ) 2 -P y -N O )  
involv ing b r id g in g  th iocyana to  l i g a n d s , a n d  C d ( 0 N0 2  )%- 
( 2 , 6 -(  CH3 ) 2-Py-N O  )^ , with monodenta te  n i t r a to  l i g a n d s .
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C H A P T E R
EXPERIMENTAL PROCEDURES
2.1 . Materials
2-Picoline N -ox ide ,  3-picoline N -ox ide ,  and  2 , 6 - lu t id ine -  
N-oxide were ob ta ined  commercially (A ld r ich  Chemicals) .  Reagent  
g r a d e  so lven ts  and  metal  sa l t s  were  u s e d  w ithout  f u r t h e r  purif icat ion
2 ,2 . Preparation of Nitropyridine N-oxides
4-N i t ro  2 , 6 - lu t id in e  N -ox ide ,  4 -n i t r o  2-picoline N-oxide
and  4 -n i t r o  3-picoline N-oxide were p r e p a r e d  by  the  method of
' f i r  
219
22Ochiai .  3-N i t ro  2 , 6 - lu t id ine  N-oxide was p r e p a r e d  by s t
n i t r a t i n g  2 , 6 - lu t id in e  as d e s c r ib e d  b y  Achremowics al.
2 2 0and  th e n  oxid ised  b y  th e  method of Brown and  Neil. The
melt ing po in t s  of  th e  n i t r o p y r id in e  N-oxides  so p r e p a r e d ,  were 
c o n s i s t e n t  with th e  r e p o r t e d  v a lu es .  Attempts  to p r e p a r e  2- 
n i t r o p y r id in e  N-ox ides  b y  th e  oxida tion of 2-aminopyr id ine  
a n d  i t s  homologs were  not  su c c e s s fu l  as  i t  involved  the  u se  of 
40% p erace t ic  acid which was not  commercially avai lable.
The 40% perace t ic  acid avai lable  in th e  d e p a r tm e n t  p ro v e d  to be 
too old and  did no t  give the  e x p e c te d  r e s u l t .
2.3.  Physical Measurements
- 1
I n fr a r e d  s p e c t r a  in th e  r a n g e  600 -  180 cm w e re
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r e c o rd e d  with a P e rk in -E lm er  983 s p e c t ro m e te r  us ing  samples 
as Nujol mulls s u p p o r t e d  between po lye thy lene  d i s c s .  Raman 
s p e c t r a ,  us ing  l a se r  beams,  were r e c o rd e d  on a Coderg  Type  
PHI s p e c t ro m e te r  a t t a c h e d  to a T ek t ro n  IX com pute r .  The 
l a se r  beams were  g e n e ra te d  by a C o h e ren t  Radiat ion Model 52 
R egu la ted  DC Ion L ase r  Power S upp ly  i n s t r u m e n t .  Electronic 
s p e c t r a  in var ious  so lven ts  were  s tu d ie d  on a Unicam SP8-100 
re c o rd in g  s p e c t ro m e te r .  The  i n s t r u m e n t s  u s e d ,  and the  methods  
employed for  the  x - r a y  pow der  p h o t o g r a p h s ,  r e f le c tan c e ,  n . m . r . ,
- I
e . s . r . ,  i n f r a r e d  s p e c t r a  (in th e  r a n g e  4000 - 600 cm ) and  magnetic 
su sc ep t ib i l i ty  s tu d ie s  were  the  same as d e s c r ib e d  in p a r t  I of the  
p r e s e n t  work.
2 , 2 .  P reparation  of Cu(II )  Halide C om plexes
2 . 4 .1 .  P r ep a ra t io n  of 1: 2 Complexes
C u C l z . ( 2 - C H 3 4 -N O 2 P y -N O ) ;
This complex was p r e p a r e d  by  mixing warm 1-bu tano l  
so lu t ions  of a n h y d r o u s  CuCl ;  and the  l igand in a 1:4 molar 
ra t io .  On s t a n d in g  for  a few h o u r s  brown c r y s t a l s  p rec ip i ta ted  
These  were  f i l t e r e d ,  washed  with 1 -bu tano l ,  and  d r ied  in the  
a i r .
C u C l ; . ( 2 , 6 - ( C H 3 ) ; 4-NO; P y - N O ) ; ,
C u B r ; . ( 2 , 6 - ( C H 3 ) ; 4-NO; P y - N O ) ; ,
C u C l 2 . ( 2 , 6 - ( C H 3 ) ; 3-NO; P y - N O ) ; ,
C u B r ; . ( 2 , 6 - ( C H 3 ) ; 3-NO; P y - N O ) ; ,
C u B r ; . ( 2 - C H 3  4 -N O 2 P y -N O ) ;
These  complexes were  p r e p a r e d  by add ing  a hot  ethanol  
solution of the  l igand to a hot  solut ion of cup r ic  ch loride  or  bromide in
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e thanol .  The  p r o d u c t s  c ry s ta l l i s ed  immediately o r  a f t e r  s tan d in g  
in ice and were f i l t e r ed ,  d r ied  in ai r  and  r ec ry s ta l l i se d  from 
ethanol  or  1 -bu tano l .  The C u B r ; . L analogue could not be formed 
even  when stoichiometric  ra t io s  of L: C u B r ;  of 1:10 was u s e d .  
C u B r ; . L;  was always ob ta ined .
CuCl;  . ( 3-CHg 4-NO; P y -N O ) ;  (yellow)
A hot  c o n c e n t r a te d  solut ion of the  l igand in ethanol  was 
t r e a t e d  with a methanol  solut ion of a n h y d r o u s  CuCl ;  (metal to 
l igand molar ra t io  1 :4 ) .  On s ta n d in g  a few h o u r s  yellow c ry s ta l s  
p r e c ip i t a t e d .  These  were  f i l t e r e d ,  washed  with methanol  and  dr ied  
in a des icc a to r  o v e r  C a C l ; .
CuCl;  . ( 3-CHg 4-NO; P y -N O ) ;  ( o ran g e )
This complex was p r e p a r e d  by  add ing  a warm 1-butanol  
solut ion of a n h y d r o u s  CuCl;  to a warm 1-bu tano l  solution of the 
l igand in a 1:3 molar ra t io .  The o ran g e  c ry s ta l s  were collected 
by f i l t r a t ion ,  washed  with cold 1 - b u ta n o l ,  and placed in a 
d e s icc a to r  for  d r y i n g .  Attempts  to r e c ry s ta l l i s e  the se  o range  
c ry s t a l s  from warm 1 -b u ta n o l  gave  a mix tu re  of yellow and o range  
c r y s t a l s .  When ethanol  o r  methanol  was used  fo r  rec rys ta l l i sa t ion  
p u r p o s e s  only the  yellow isomer was ob ta ined .
C u B r ;  . ( 2 , 6 - ( C H 3 ) ;  4-NO; P y - N O ) ; ( d a r k  b rown)
The l igand was d is so lved  in a 9:1 mixtu re  of ethano l  
and  ace tone ,  the  solut ion was s t i r r e d  at 50°C, and an excess  
of C u B r ;  ( l igand to sal t  molar ra t io  1:7)  was then  ad d ed .
The solut ion was re f luxed  for  2 h o u r s ,  d u r in g  which per iod ,  
a white p rec ip i ta te  was formed.  F u r t h e r  add it ion  of C u B r ;  
r e s u l t e d  in more of the  white p r e c ip i t a t e ,  which was identi f ied 
as  C u B r .  The solut ion was cooled to ca.  35°C and  the  white 
p r e c ip i ta te  f i l te red  off .  Upon s ta n d in g  a few h o u r s , d a r k ,  wine-
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r e d ,  need le - l ike  c ry s t a l s  p re c i p i t a t e d .  The c ry s t a l s  were 
f i l te red  off ,  washed  with cold ace tone  and  d r ied  in a des icca to r ,  
When g r o u n d ,  th e  color  of th e  complex was d a r k  brown.
2 . 4 . 2 .  P re p a ra t io n  of 1:1 Complexes
C u C l ; . ( 2 -C H 3 4-NO; P y -N O ) ,  C u C l ; . ( 3 -C H 3 4-NO; Py-NO)
A warm, c o n c e n t r a t e d  e thano l  solut ion of the  l igand was 
ad d e d  to a warm e thanol  so lut ion  con ta in ing  excess  a n h y d ro u s  
C u C l ; . The p r e c ip i t a t e s  were collected a f t e r  s tan d in g  for  
s e v e ra l  m inu tes ,  and  d r i e d  u n d e r  vacuum.
C u B r ; .  ( 3 -C H 3 4-NO; Py-NO)
A warm 1 -b u tan o l  solut ion of t h e  l igand was added  to 
a 1 -bu tano l  so lut ion con ta in ing  C u B r ;  in a 1:1 molar ra t io .  
Sh in ing  wine r e d ,  f lake- l ike  c ry s t a l s  p re c ip i ta te d  a f t e r  a few 
minu tes ,  which were  f i l te red  off and  d r ied  in a des icca to r  
con ta in ing  a n h y d r o u s  C a C l ; . Severa l  a t tem pts  were made to 
obta in  complexes of o t h e r  s to ichiometries  by  v a ry in g  th e  l igand -  
C u B r ;  ra t io  and  u s in g  d i f f e re n t  s o lv en t s ,  bu t  no o th e r  complexes 
could be iso la ted .
2 .5 .  P re p a ra t io n  of C o p p e r ( I I )  Acetate Complexes 
C u ( A c O ) ; . ( 3 -C H 3 4-NO; Py-NO) and  Cu( AcO ) ; . ( 2 , 6 - (  CH3 ) ; Py-NO)
A hot  c o n c e n t r a t e d  acetic  acid solut ion of c o p p e r ( I I )  
ace ta te  was t r e a t e d  with an acet ic  acid solution of th e  l igand 
( l igand  to sal t r a t io  5 :1 ) .  The r e s u l t a n t  d a r k  g reen  solut ion
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was ev ap o ra ted  by  boil ing to ca.  one t h i r d .  On s t and ing  o v e rn ig h t  
g reen  c ry s t a l s  p r e c ip i t a t e d .  These  were f i l te red  off,  washed with a 
few d ro p s  of acet ic  ac id ,  and  d r ied  in a de s icc a to r .  Severa l  a t tem pts  
were  made to p r e p a r e  c o p p e r ( I I )  a ce ta te  complexes with o th e r  n i t r o ­
p y r id in e  N-ox ides  s tu d ie d  in the  p r e s e n t  w ork ,  b u t  no complexes 
could be iso la ted.
2 .6 .  P repa ra t ion  of Cadmium(II)  Complexes
C d C l ; . ( 4 - N 0 ;  P y - N O ) ; ,
C d C l ; . ( 3 - C H 3 4-NO; P y - N O ) ; ,
C d C l ; .  ( 2 - C H 3 4-NO; P y -N O ) ,
C d C l ; . ( 2 , 6 - ( C H 3 ) ;  4-NO; P y -N O ) ,
C d C l ; ( 2 , 6 - ( C H 3 ) ;  3-NO; Py-NO)
These  complexes were p r e p a r e d  by  allowing an excess  of 
l igand  to r e a c t  with a hot  solut ion of CdCl;  in ethanol .  The complexes 
which p re c ip i t a t e d  or  c ry s ta l l i s ed  ou t  on s t i r r i n g  the  mix tu re  were 
suct ion f i l t e r e d ,  washed  with e thanol  and  d r ied  in a des icca to r .
C d C l ; . ( 4 - N O ;  Py-NO)
An ethanol  solut ion of the  l igand was added  to a warm 
solution contain ing  CdCl ;  in 1:1 molar ra t io .  A white p rec ip i ta te  
formed a f t e r  s eve ra l  h o u r s .  This  was collected and  d r ied  in the  
a i r .  4 -N it ro  3-picoline N-oxide  did not  yield a 1:1 complex even  
when excess  CdCl;  was u s e d .
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C H A P T E R
RESULTS AND DISCUSSION
3 .1 .  Carbon-13  N .M .R .  R esu l t s
Natu ra l  a b u n d a n c e  ca rbon-13  n . m . r .  s p e c t r a  were 
r e c o rd e d  us ing  CDCI 3  as so lven t .  More polar  so lven ts  were 
avoided  because  of the  r e p o r t e d  s u b s t a n t i a l  so lvent  e f fec ts  on
2 2 2ca rbon -13  chemical sh i f t s  and c a r b o n - h y d r o g e n  coupl ing c o n s ta n t s .
CDCI3 also  prov ided  the s ign al for an in ternal deuterium  f ie ld -
f r e q u e n c y  lock.  Chemical sh i f t s  were  ob ta ined  by  us ing  Me^Si
as an in t e rn a l  chemical shi f t  s t a n d a r d .  Proton coupled sp e c t r a
were r e c o rd e d  as an aid in signal  a s s ignm en t .  An addit ional
a s s ignm e n t  aid was real ised  by th e  obse rva t ion  th a t  the  signals
from C-2 and the  ca rbon  atom conta in ing  the  n i t ro  g roup  were
14 13s l igh t ly  b ro ad en e d  because  of N- C coupling  and n i t rogen  
q u a d r u p o l a r  in t e rac t io n .  The s p e c t r a  were r e c o rd e d  at  room 
t e m p e r a t u r e .
The chemical sh i f t s  fo r  th e  py r id ine  N-oxides  a re  given 
in Table 4. In o r d e r  to gain more ins igh t  into the  e f fec ts  of 
th e  -NO; g r o u p ,  th e  ca rbon-13  chemical sh i f t s  of the  3- and 
4 -n i t r o  s u b s t i t u t e d  p y r id in e  N-oxides  were  compared to those 
of th e  c o r r e s p o n d in g  s u b s t i t u t e d  p y r id in e  N -oxides .  The ca rbon  
chemical sh i f t  d i f f e r e n c e s ,  A6, so obta ined  a re  given in Table 5.
The carbon-13  n . m . r .  s p e c t r a  of 4 -n i t r o p y r id in e  N-oxide 
8 0is p rev ious ly  r e p o r t e d .  The o b s e rv e d  desh ie ld ing  at  the  4-pos i t ion 
of the  r ing  is i n t e r p r e t e d  by cons ide r ing  the  su b s t a n t i a l  c o n t r i ­
bution from re s o n an ce  form (XVI) to the  h y b r id  which c h a r a c t e r i s e s  
4 - n i t r o p y r i d in e  N-ox ide The p roposed  quinoidal  n a t u r e  of 
th is  molecule is co n s i s te n t  with the  x - r a y  c ry s ta l lo g rap h ic
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27d a t a ,  which ind ica tes  tha t  the  l e n g th  of th e  c a r b o n - c a r b o n  
bo n d s  paral lel  to th e  molecular ax is  is much s h o r t e r  tha n  tha t  
of o t h e r  c a r b o n - c a r b o n  b o n d s .
Comparison of th e  Carbon-13  chemical s h i f t s  of 4 - n i t r o ­
p y r id in e  N-oxides  with those  of c o r r e s p o n d in g  p y r id in e  N-oxides  
rev ea led  t h a t ,  in g e n e ra l ,  the  4 -n i t r o p y r id in e  N-ox ides  show 
a sh ie ld ing  ef fect  (3 .3  -  4 .9ppm)  at C-3 and  C-5 ,  a small 
desh ie ld ing  effect  at C -2 ,  C - 6  (1.47 -  3 .33ppm),  and  v e r y  
s ign if icant  desh ie ld ing  effect  at C-4 (16.12 -  18 .41ppm).  T h e re fo re ,  
as  in 4 - n i t r o p y r i d in e  N -oxide ,  th e  con t r ibu t ion  of th e  r e sonance  
form (XVI) to th e  h y b r i d  which c h a r a c t e r i s e s  t h e s e  4 -n i t r o p y r i d in e -  
N-ox ides  is im por tan t .  Al though  n o n -b o n d e d  in te rac t ion  be tween
th e  N - 0  and  C-2 -  CH3 methyl  g r o u p s  is r e p o r t e d  to t ake  place
223in t h e s e  com pounds ,  th e  minor d i f f e re n ces  o b s e rv e d  in the  
chemical s h i f t  d if ference  A6 could be exp la ined  if h y p e rco n ju g a t io n  
of th e  methyl  g r o u p s  with the  r in g  sys tem is c o n s id e re d .  
H ypercon juga t ion  of  methyl  g r o u p s  in 4 -n i t r o p y r i d in e  N-oxides  
is ex p ec ted  to be more im por tan t  th a n  in th e  c o r r e s p o n d in g  
p y r id in e  N -ox ides ,  because  in th e  fo rmer  bo th  th e  N -0  and  
th e  NO2 g ro u p s  a re  e lec t ro n -w i th d ra w in g  in n a t u r e .
Although  o t h e r  fac to r s  a re  known to be im por tan t ,
in c re as in g  e lec t ron  d e n s i ty  at c a rbon  is as soc ia ted  with a
sh ie ld ing  ef fect  and  d ec re a s in g  e lec t ron  d e n s i t y  with a desh ie ld ing  
224ef fec t .  The  sl ight  var ia t ion  of 62 -  62' in 4 -n i t r o  2-picoline 
N-ox ide r e la t ive  to  61 -  61' in 4 -n i t r o p y r i d in e  N-oxide ( see  Table 5)
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could be expla ined  if be s ides  the  s u b s t an t i a l  con t r ibu t ion  of th e  
r e s o n a n c e  form (X VI) ,  minor c o n t r ibu t ion  from the  re sonance  
form (Via)  to the  h y b r id  which c h a r a c t e r i s e s  4 -n i t ro  2-picoline 
N-oxide (VI) is c o n s id e r e d .  The  desh ie ld ing  o b s e rv e d  at th e
0
(v ia )
methyl  ca rbon  s u p p o r t s  th e  above  a rg u m e n t .
The  small varia t ion  of 63 -  63' in 4 -n i t ro  3-picoline 
N-oxide (VII) r e la t ive  to 61 -  61' is p ro b ab ly  a r e s u l t  of the  
s l igh t  tw is ted  n a t u r e  of the  NOg g ro u p  which is ex p ec ted  to 
weaken  th e  co n t r ib u t io n  of th e  re s o n an ce  form (XVI).  The 
neg l ig ib le sh ie ld ing  at th e  methyl  ca rbon  in 4 -n i t ro  3-picoline 
N-oxide would imply t h a t  h y p e rco n ju g a t io n  is even  less  impor tan t  
in th i s  compound t h a n  in 3-picoline N-oxide .
The  in c re a s e d  sh ie ld ing  effec t  at C -3 ,  C-5 and  the  
in c re a s e d  desh ie ld ing  ef fect  at C -2 ,  C -4 ,  C - 6  and  th e  methyl  
c a rb o n s  in 4 -n i t ro  2 , 6 - lu t id ine  N-ox ide (VIII)  r e la t ive  to 4 -n i t ro  
p y r id in e  N -  oxide is p ro b ab ly  the  r e s u l t  of th e  co n t r ib u t io n s  
of canonical  forms (V i l l a )  and  ( V l l b ) .
Carbon-13  chemical shif t  da ta  fo r  3 - n i t ro p y r id in e  N-oxide 
were not  avai lable .  T h e re fo re  the  o b s e r v e d  chemical sh if t  
d i f f e re n ces  64 - 46" in 3 -n i t ro  2 , 6 - lu t id ine  N-oxide (IX) could 




C H ;  -  H
( v i l l a ) ( V I  l i b )
Assignment of t h e  chemical s h i f t s  fo r  C-4 ,  C-5,  and  C-2 ,  C - 6 ,
and  th e  methyl  c a rb o n s  is not v e r y  ce r t a in ;  how eve r ,  in t e rc h a n g in g  
th e  chemical sh i f t s  in each  pa i r  would not  r e s u l t  in s igni f icant  
d i f f e re n ce  in th e  chemical  shif t  d i f f e re n ces  o r  th e  i n t e rp r e ta t io n  
of t h e  r e s u l t s .  The  o b s e r v e d  chemical sh if t  d i f fe rence  AÔ could 
bes t  be exp la ined  if r e s o n a n c e  forms (IXa and  IXb) a re  cons ide red  
to make a s u b s t a n t i a l  c o n t r ibu t ion  to th e  3 -n i t ro  2 , 6 - lu t id ine  
N-oxide h y b r i d  ( IX ) .  The  o b s e rv e d  s ign if icant  desh ie ld ing ,  
a nd  h e n c e ,  lower e lec t ron  d e n s i t y ,  at th e  3 posi t ion of 3 -n i t ro -
2 . 6 - lu t id in e  N-oxide  implies t h a t  th e  NO; g ro u p  is not  in a tw is ted
CH -  H
( I X a )
H -  CH
( I X b )
form in th i s  compound as  e x p ec ted  from cons ide ra t ion  of s te r ic  
e f fec t s  im posed  by  th e  methyl  g ro u p  at 2 pos i t ion .  T h e re fo re ,
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e i th e r  a cons ide rab le  c hange  in bond an g le s ,  or  non -b o n d ed  
in te rac t ion  between N -0  and C-2 - C H 3 would be expec ted  in th is  
com p o u n d ,
3 .2 .  N i t rogen-14  N .M .R .  Resu l t s
The N-14 n . m . r .  s p e c t r a  of the  methyl  s u b s t i t u t e d  3- 
and  4 -n i t ro p y r i d in e  N-oxides  and  the  re la ted  compounds were 
r e c o rd e d  us ing  ace tone ,  methanol  and  chloroform as so lven ts .  A 
t r a c e  amount of n i t rom ethane  s e r v e d  as in t e rn a l  s t a n d a r d .  The 
chemical sh i f t s  ob ta ined  showed a s u b s t a n t i a l  dep en d e n ce  on the  
so lven t  u sed  (Tab les  6 a and 6 b ) .
An inve s t iga t ion  of the  s p e c t r a l  da ta  shows th a t  the  
- C H 3  g r o u p ,  v/hich e x e r t s  an overal l  e lec tron  re leas ing  ef fec t ,  
r e s u l t s  in a sh if t  of N-14 s igna ls  to h i g h e r  f ie lds ,  and th a t  the 
n i t ro  g r o u p ,  which e x e r t s  an overal l  e l ec t ron -w i thd ra w ing  ef fec t ,  
g ives  a downfield N-14 sh if t  r e la t ive  to p y r id in e  N-oxide and 
methyl  s u b s t i t u t e d  p y r id in e  N -ox ides .
Comparison of th e  N-14 chemical sh i f t s  of the  compounds  
1, 2, and  4 revea led  th a t  as  the  n um be r  of methyl  g ro u p s  in 
an o r th o  posit ion to the  r ing  n i t ro g en  in c re as e s  the  N-14 s igna l  
s h i f t s  to h i g h e r  f ie lds .  The same t r e n d  is also o b s e rv e d  in the 
chemical sh i f t s  of the  compounds  1' , 2' and  4' and  is in 
ag reem en t  with what  would be ex p ec ted  from a combination of 
con juga tive  and  induc t ive  e f f ec t s .  A s u b s t i t u e n t  in posit ion 
3 ( e i t h e r  an e l e c t ro n - re l e a s in g  methyl  g ro u p  o r  an elec tron  wi th ­
d raw ing  n i t ro  g ro u p )  e x e r t s  a smaller ef fec t  on the  N-14 chemical 
sh i f t ,  r o u g h ly  in ag reem en t  with what  is expec ted  from a mainly 
induc t ive  mechanism.
In o r d e r  to a s s e s s  the  ef fec t  of the  n i t ro  g r o u p ,  the  n i t r o g e n -  
14 chemical sh i f t s  of the  3- and 4 -n i t ro  s u b s t i t u t e d  p y r id in e  N- 
oxides  v/ere compared to those  of the  c o r r e s p o n d in g  p a r e n t  compounds
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Table 6 a.  N i t rogen-14  NMR R esu l t s  for  4-Nit ropyr id ine-  
N-ox ides  and the  Related Pyr id ine  N-oxides
S u b s t i t u e n t s No. Solvent NO2 -N N-oxide
X N
H* + 1 Acetone s a td .  
Chloroform s a td .  
Methanol dil .
+ 85 ± 1 
+ 85 ± 1 
+ 94 ± 1
4 -N O 2 1' Acetone s a td . +15.06 +70.71
Chloroform s a td . +13.03 +70.16
***
Methanol dil. +14.26 +71.30
2 -C H 3 2 Acetone s a td .  





2 - C H 3 4 -N O 2 2 ' Acetone s a td . +15.19 +73.88
Chloroform s a td . +11.77 +71.07
Methanol s a td . +12.53 +74.10
3 - C H 3 3 Acetone s a td .  
Chloroform s a td .  
Methanol s a td .
+82.± 1 
+8 8 . 0 1  
+95 ± 2
3 - C H 3 4- NO2 3» Acetone s a td . +13.01 +73.03
Chloroform s a t d . +19.78 +81.98
Methanol s a td . +15.25 +80.43
2 ,6 - (C H 3)2 4 Chloroform s a td . +96.29
2 ,6 - (C H 3)2  4 -N O 2 4' Acetone s a td . 17.45 77.50
Chloroform s a td . +11.32 +74.24
* Chemical sh i f t s  (ppm) r e f e r r e d  to CH3 NO2 as  in t e rn a l  s t a n d a r d
** Data t a k e n  from r e f .  81. *** Sa tu ra ted  solut ion d i lu ted  twice,
-141-
Table 6 b .  N i t rogen-14  NMR R esu l t s  for  
3 -N i t ropy r id ine  N-oxides






3 -N O 2 ++ 1 " Acetone s a td .  
Chloroform s a td .  
Methanol s a td .
+ 81 ± 1  
+ 78 ± 2 
+ 90 + 2
2 ,6 - (C H 3)2  3 -N O 2 4" Acetone s a td .  
Chloroform s a td .  
Methanol s a td .
+ 9.31 
+ 6.33 




** Data t a k e n  from r e f .  81.
Table 7. Effect  of Nitro S u b s t i t u e n t  at Posit ions 
3- and  4- of th e  Pyr id ine  N-oxides  on the  




1 - 1 ' + 14.29 + 14.89 + 22.70
1 -  1 " + 4.00 + 7.00 + 4.00
2 - 2 ' + 11.64 + 19.07 + 24.01
3 - 3 ' + 8.97 + 6.03 + 14.53
4 - 4 ' +22.05
4 -  4" +12.08
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The n i t rogen  chemical sh if t  d i f fe re nce  A6 , is given for  each  of 
t h e  so lven ts  u sed  (Tab le 7 ) .  However,  the  most rel iable r e s u l t s  
a re  ex p ec ted  in CDC I 3  because  it is th e  least  po la r  among th e  
so lven t s  u s e d .
Due to  th e  signif ican t  e r r o r  in h e re n t  in the  measurement  
of N-14 chemical s h i f t ,  which sometimes can o b s c u re  s u b s t i t u e n t  
e f fec t s  on th e  n i t rogen  r e s o n a n c e  pos i t ion ,  any  q u an t i t a t iv e  
compar ison should  be i n t e r p r e t e d  with cau t ion .  However ,  the  
da ta  given in tab le  7 by  and  la rg e  can account  for  the  g ross  
s t r u c t u r a l  ch a n g e s  in t h e s e  com pounds .  In agreement  with th e  
ca rbon -13  n . m . r .  r e s u l t s  for  t h e  4 -n i t r o  s u b s t i t u t e d  pyr id ine  N- 
o x ides ,  th e  effect  of th e  n i t ro  g ro u p  is th e  weakes t  in 4 -n i t ro
3-picoline N-oxide conf irming aga in  t h e  tw is ted  n a t u r e  of th e  n i t ro  
g r o u p .  In t h e  3 -n i t ro  s u b s t i t u t e d  p y r id in e  N -ox ides ,  th e  n i t ro  
g ro u p  in 3 -n i t ro  2 ,6 - lu t id in e  N-oxide is more ef fec t ive in delocalising 
e lec t ron  c h a r g e  d e n s i t y  away from the  r ing  n i t rogen  than  in 3 - n i t r o -  
p y r id in e  N-ox ide ,  also in ag reem en t  with the  ca rbon-13  n . m . r .  r e s u l t s .
3,3,  Analysis
All compounds  were  ana lyzed  for  C,  H, N. The  r e s u l t s  
of ana lys i s  a re  l i s ted  in ta b les  8 a - 8 c.  The  white p rec ip i ta te  which 
formed d u r in g  th e  p r e p a ra t io n  of C u B r g . ( 2 , 6 - ( C H 3 ) 2  4 -N O 2 P y -N O ) ;  
was ana ly se d  fo r  bromine ( f o u n d : B r ,  56.1;  ca lcd .  for  C uB r ,
B,  5 5 .7 ) .  The complex CUCI2 ( 3 -C H 3 4 -N O 2 Py-NOOg (yellow) 
was reana lyzed  a f t e r  one y e a r .  The r e s u l t  of C,  H, N ana lyses  
ind ica ted  sample decomposit ion ( found :  C ,20 ,91 ;  H ,2 .52 ;  N , 4 . 87, 
ca lcd .  fo r  CuCl2 . (3-CH3 4 -N O 2 P y -N 0 )2  C ,32 ,54 ;  H,2.7; N ,1 2 .6 6 ) .
Sample decomposit ion was l a te r  conf irmed by  means of in f r a r e d  
s p e c t r o s c o p y ,  which showed new b a n d s  in th e  reg ion  3500 -  3000cm 
and  1700 -  1550cm ^ . Similar decomposit ion was also de tec ted  in 
th r e e  o th e r  complexes ,  CUCI2 . ( 3 -C H 3 4 -N O 2 P y -N O ) ,  C u B r 2 . (3-  
CH3 4 -N O 2 Py-NO) and  C u B r 2 (2 ,6 - (CH3 ) 2  4 -N O 2 Py-NO)z ( B r o w n ) , 
how eve r ,  a c hange  in co lour  was o b s e rv e d  only in the  l a t t e r  two
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complexes which had  t u r n e d  yellow. This  decomposit ion is t h o u g h t  
to be due  to l ight  r a t h e r  than  oxygen  o r  m ois tu re ,  because ,  new 
samples p r e p a r e d  a f t e r  one y e a r ,  were  s tab le  for  a period of seven  
months  when kep t  in the  d a r k ,  even  when not placed in a des icca to r ,
3.4.  Copper(II) Acetate Complexes
3 . 4 .1 .  In t roduc t ion
4-N it ro  3-picoline N-oxide and  2 ,6 - lu t id in e  N-oxide reac ted  
with c o p p e r ( II ) ace ta te  m onohydra te  to form the  dimeric complexes 
[ C u (A c O ) 2 . ( 3 -C H 3 4 -N O 2 P y -N 0 ) ) 2  and  [ Cu( AcO) 2 . ( 2 , 6 - (  CH3 ) 2 
Py-NO)]  2 . The  e lec t ron ic ,  i n f r a r e d ,  e . s . r .  s p e c t r a  and  magnetic 
measurem ents  s u p p o r t e d  the  p ro p o s ed  s t r u c t u r e .  4 -Nitro  2-picoline 
N -oxide ,  4 -n i t ro  2 ,6 - lu t id in e  N-ox ide and 3 -n i t ro  2 ,6 - lu t id ine  N-oxide 
did not  form complexes with the  same metal sa l t .  The r e s u l t s  ob ta ined  
a re  d i s c u s s e d  in te rm s  of s te r i c  f a c t o r s ,  the  M-O-N bond ang le ,  
th e  TT-acceptor abil i t ies  and  the  bas ic i t i es  of the  l igands .
The s t r u c t u r e ,  s p e c t r a l  and  magnetic p ro p e r t i e s  of co p p e r ( I I )
ace ta te  m onohydra te  and  th e  r e la ted  complexes a re  d e s c r ib e d  in p a r t  I
of the  p r e s e n t  work (p ag es  47 -  50),  and  pages  124, 125. The
in te rac t ion  of 4 - s u b s t i t u t e d  p y r id in e  N-oxide v/ith c o p p e r ( I I )  ace ta te
208has  been  s tud ied  by  Nelson ^  al .  who have  r e p o r t e d  th a t  the
magnetic moments of th e se  complexes d e c re a se  as the  bas ic i ty  of the  N- 
oxides  d e c re a se s  and  th e  ir -acceptor  abil i ty in c re a s e s ,  and  concluded  
th a t  p y r id in e  N-oxides  with re la t ive ly  low bas ici t ies  and  h igh  ir-acceptor  
abil i t ies  enhanc e  c o p p e r - c o p p e r  b o n d in g .  T h e re fo re ,  b ased  upon  the  
r e s u l t s  of Nelson ^  a l . and  th e  bas ic i t i es  of the  methyl  s u b s t i t u t e d  
n i t r o p y r id in e  N-oxides  s tud ie d  in th e  p r e s e n t  work ,  and  in the  
absence  of o th e r  f a c to r s ,  all t h e  methyl  s u b s t i t u t e d  n i t r o p y r id in e  
N-ox ides  s tu d i e d ,  were  ex p ec ted  to form complexes with c o p p e r ( I I )  
ace ta te  hav ing  magnetic moments in te rmedia te  be tween the  values  
r e p o r t e d  fo r  p y r id in e  N-oxide and  4 - n i t r o p y r id in e  N-oxide  
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imposed by the  methyl  g ro u p s  at 2 a n d / o r  6 posi t ions  of py r id ine  
r in g  were the  only reason  why the  c o r r e s p o n d in g  complexes 
did not form, the  p r e p a ra t io n  of the  complex [Cu( A c O ) ; . (2 ,6 -  
( C H ) ) ;  P y - N O ) ] ;  was u n d e r t a k e n .
3 . 4 .2 .  C ha rac te r i s a t ion  of the  Complexes 
I n f r a r e d  S p ec t ra  R e s u l t s
The  coordina tion  of the  l igands  is ind ica ted  since (a) 
the  n i t r o g e n - o x y g e n  s t r e t c h in g  f r e q u e n c y ,  is shi f ted
to lower e n e r g y  upon  complexation and  a p p e a r s  at 1218 cm  ^
and  1245 cm  ^ in th e  s p e c t r a  of [ Cu( AcO ) ; . ( 2 , 6 , - (  CH3 ) ; P y - N O ) ] ;  
and  [ C u (A c O ) ; .  ( 3 -C H 3 4-NO; Py-N O) ] ; r e s p e c t iv e l y ,  (b)  in 
each case the  N -0  b e nd ing  f r e q u e n c y  sh i f t s  to h ig h e r
f r e q u e n c y ,  (c)  ^ c - N O ;  sh i f ted  to h i g h e r  e n e r g y  by  about  
20 cm  ^ in the  sp ec t ru m  of [C u ( A c O ) ; .  ( 3 -C H 3 4-NO; P y - N O ) ] ;  
( tab le  9) .
The  r e t e n t io n  of a dimeric ca rb o x y la te  s t r u c t u r e  as opposed
to a s t r u c t u r e  involv ing  b r id g in g  N-oxides  is s u p p o r t e d  by
th e  posi t ion of the  ca rb o x y la te  s t r e t c h i n g  f r e q u e n c i e s ,  ' ^C 00" (sym )
and  ^COO"(asym) ' which a p p e a r  at v e r y  similar  ene rg ies
to those  r e p o r t e d  fo r  c o p p e r  ace ta te  m onohydra te .  In add i t ion ,
^NO b r id g in g  amine oxide complexes is always sh i f ted  to
lower e n e r g y  and  v a r ie s  o v e r  a more limited r a n g e  (v = 1199 -  
-2
1208 cm ) as  opposed  fo r  the  complexes r e p o r t e d  he re in  
(1218 and  1245 cm ^ ).
Electronic  S p ec t ra  Resu l t s
The re f lec tance  sp e c t ru m  of [ Cu( AcO) ; . ( 3 -C H 3 4 - N 0 ; P y - N 0 )  ]
_2
revea led  t h r e e  a bso rp t ion  b a n d s  in the  reg ions  14,200 cm ,
-1  -1  26,500 cm , and  37,500 cm . The c o r r e s p o n d in g  b a n d s  in
the  sp ec t ru m  of [ Cu( AcO ) ; . ( 2 , 6 - (  CH3 ) ; P y - N O ) ] ;  a p p e a r
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Fig.  6 . Ref lec tance  s p e c t r a  of [C u (A c O ) 2 .L] 2
------------ L = HjO
--------------- L = 3 -C H 3 4 -N O 2 Py~NO
------------ L = 2 , 6 - ( C H 3 ) 2  Py-NO
-150-
of th e se  b a n d s  a re  at v e ry  similar  ene rg ies  to those r e p o r t e d  for  
c o p p e r ( I l )  ace ta te  monohydra te  and  the  4 - s u b s t i t u t e d  pyr id ine  
N-oxide co p p e r  ace ta te  com plexes . A ccordingly ,  based  upon
the  Ô model,  the se  bands  could be a s s ig n ed  as d x z j d y z  
band  I ,  d ^ y  + d%^-y^ band I I ,  and  a c h a rg e  t r a n s f e r  t r ans i t ion  
(O -+ C u ) band  111. The var ia t ion  in orb it a l  ene rg ie s  in th e se  
complexes could be i n t e r p r e t e d  in te rms of a 6 -bond ing  model and 
a g r e e s  with the  e lect ronic sp e c t r a l  r e s u l t s  r e p o r te d  by Nelson 
et  aj_. who have  d i scu ssed  the  var ia t ion of o rb i t a l  ene rg ies  in te rms 
of a 6-bonding  model (Fig .  7 T h e re fo re ,  the  argument
14.69 13.91
29.85 26.32 32.79 dxzdyz
Jxy
NO. C l H CH3 CH3 O
increasing donor strength (r e la t i v e  pK^'s) 
 — increasing tt- acceptor strength
F igu re  7. Variat ion of the  d -o rb i t a l  ene rg ie s  and  the  
r e s p e c t iv e  d - d  t r a n s i t io n s  as a function  of the  4 - s u b s t i ­
tu e n t  fo r  the  complexes [Cu( AcO);  . (4-Z Py-NO) ] % . The 
magnitudes  of the  elec tron ic t r an s i t io n s  a re  g iven in 
cm ^x 10^ ( r e f .  208 ).
given  by  th e se  a u t h o r s  also appl ie s  fo r  the  complexes p r e p a r e d  
in the  p r e s e n t  work .  2 ,6 -L u t id ine  N-oxide being more basic than 
4 -n i t r o  3-picoline N-oxide u n d e r g o e s  a s t r o n g e r  in te rac t ion  with 
th e  dgZ, d ^ 2  and  dy^ o rb i ta ls  and  r e s u l t s  in an inc re ase  in the s  
o rb i ta l  e n e rg i e s .  The d^Z-yZ and  d ^ y  orb i ta l s  would u n d e rg o
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in le rac l io n s  with both N -0  tt and ir* o rb i t a l s .  In 2 ,6 - lu t id ine  N-oxide
th e  TT-orbital p ro b ab ly  being h ig h e r  in e n e r g y  than  the  coppe r  dj^y
orb i ta l  and  ir* orb i ta l  lower in e n e r g y  than  the  d^z .yZ  orb ital  would
re s u l t  in des tab i l i sa t ion  of both  the  d^z .yZ  and Tr-orbitals and
s tab i l i sa t ion  of d ^ y  and tt* orb i t a l s ,  while in 4 -n i t r o  3 -picoline
N-oxide the  N -0  ir-orbital  is p ro b ab ly  lower in e n e rg y  than  the  coppe r
d x y  orb i ta l  and the  N -0  ir* o rb it a l  lower in e n e r g y  than  the  coppe r
d x 2 - y 2 o r b i t a l , and  metal to l igand back  donation  will des tab i l i se
bo th  the  d ^ 2 _ y 2 and  d ^ y  orb i ta l s  while s tab i l i s ing  both  the  ligand t t
and  TT* o rb i t a l s .  The  var ia t ion  of band  1, d^^ »*^yz > ^x^-y^  5 and band
II» d j jy^  d ^ 2_ y 2 in [Cu( A c O ) ; . (2 ,6 - (C H 3)2  P y - N O ) ] ;  and  [C u (A cO ) ; .
( 3 - C H 3 4-NO; P y - N O ) ] ;  is in ag reem ent  with the  above  in t e rp r e ta t io n .
The fact  t h a t  the  pK^ value r e p o r t e d  for  2 ,6 - lu t id in e  N-oxide (1.442)
is less  th a n  the  pK^ value of 4-methoxy py r id ine  N-oxide ( 2 .0 5 ) , ^
while the  posi t ion of band  I in the  4-methoxy p y r id in e  N-oxide complex
-1is at  a h i g h e r  e n e r g y  (13,590 cm ) th a n  the co r re s p o n d in g  band 
in the  s p ec t ru m  of 2 ,6 - lu t id in e  N-oxide  (13,000 cm  ^) ind ica tes  tha t  
s te r i c  f ac to r s  imposed by the  methyl g ro u p s  at pos i t ions 2 and 6 are  
re s p o n s ib le  to b r in g  about  th i s  change .
Magnetic Measurements
The ef fec t ive magnetic moment Mgff has  been  calcu la ted  
at each  te m p e ra tu re  from the  ex p re s s io n  |jg££ = 2.84 [ (X^ -  Na)T 
w h e re ,  Na r e p r e s e n t s  th e  t e m p e r a t u r e - in d e p e n d e n t  paramagnet ism 
assoc ia ted  with coppe r  ion.  In the  p r e s e n t  w ork ,  a value 
Not = 60 X 10 ^ has  1 
in Tables  10 and  11.
been  u s e d .  The  va lues  ob ta ined  a re  given
The c o p p e r ( I I )  ace ta te  complexes of 4 -n i t ro  3-picoline
N-oxide and  2 ,6 - lu t id ine  N-ox ide have  d e p r e s s e d  moments of
1.28 B.M. and  1.30 B.M. r e s p e c t iv e l y .  These  va lues  may be
compared  with the  subnormal magnetic moment (1.40 B .M .)  which
225c h a r a c t e r i s e s  the  b inuc lea r  c o p p e r  ace ta te  monohydra te  complex.  
These  magnetic moments,  how ever ,  cannot  be used  to d i f fe ren t ia t e
- 1 5 2 -
Table 10. Magnetic Suscep t ib i l i ty  Data for  
(C u (AcO ) j . (3 -C H 3  4 -N O j Py-NO ))z
Diamagnetic co r rec t ion  p e r  co p p e r  ion = 137.63 x 10 cgs
Temp
K
Xm X 10 cgs  
2
calcu la ted  * 
Xm ^ lO^cgs
Xml X lO^cgs "eff
B.M.
2
304.1 764.87 760.37 704.87 1.31
295.8 752.40 757.45 692.40 1.29
280.8 729.27 749.27 669.27 1.23
271.8 726.53 742.30 666.53 1.21
252.5 712.83 721.14 652.83 1.15
230 685.73 683.53 625.73 1.08
164.6 477.21 468.92 417.21 0.74
130 304.71 296.41 244.71 0.51
99.3 156.80 152.10 96.80 0.28
90 128.51 119.22 68.51 0.22
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F i g .  8 . Variat ion of molar su scep t ib i l i ty  (X^/^  x 10^ cg s )  with te m p e ra tu r e  
•  exper imen tal  molar s u s c e b t i b i l i t y , o ca lcd .  from re la t ionsh ip  (1)
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T a b l e  1 1 .  M a g n e t i c  S u s c e p t i b i l i t y  D a t a  f o r  
( C u ( A c O ) 2 . ( 2 , 6 - ( C H j ) z  P y - N O ) l j






Xm X lO^cgs 
2
X^, X lO^cgs Ueff
2 B.M.
295.05 773.65 771.22 713.65 1.30
263.50 751.35 758.50 691.35 1.21
231.00 713.89 721.87 653.89 1.10
199.00 658.11 651.47 598.11 0.98
166.50 535.99 533.99 475.99 0.80
131.50 369.87 356.17 309.87 0.57
104.50 195.21 208.49 135.21 0.34
91.00 151.99 146.21 91.99 0.26
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Fig.  9. Variat ion of molar suscep t ib i l i ty  (Xm/2 x lO&cgs) with te m p e ra tu r e  
# exper imenta l  molar s u scep t ib i l i ty ,  o ca lcula ted  from 
re la t ionsh ip  (1 ) .
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bet ween two likely s t r u c t u r e s  since complexes having  e i t h e r  b r idg ing  
ca rb o x y la te s  o r  b r idg ing  pyr id ine  N-oxides would be ex p ec ted  
to exh ib it  an t i fe r rom agne t i sm  and subnormal magnetic moments.
The anomalous te m p e ra tu re  varia t ion of the  c o r r e c t e d  
molar magnetic suscep t ib i l i ty  exh ib i ted  by these  complexes did 
not revea l  the  maximum in suscep t ib i l i ty  which a p p e a r s  in the  
region 255K for co p p e r  ace ta te  monohydra te .  However ,  the 
exper imenta l  da ta  can also be f i t ted  closely by the  following 
re la t ionsh ip
Xm _ e I M I  [1 + l / 3 e x p (  J / k T ) j " ^  + Na . . .  (1)
2 3kT
prev ious ly  used  to d e s c r ib e  the  anomalous te m p e ra tu r e  variat ion  
of magnetic s u sc ep t ib i l i ty  for  compounds  with the  molecular  conf i­
gu ra t ion  of c o p p e r  a c e t a t e " ^ ^ T h i s  re la t ionsh ip  has  been calculated
in te rms of a s p in - s i n g l e t - s p i n - t r i p l e t  separa t ion  and  J  is the
225single t  t r ip le t  s e p a ra t io n .  Applicat ion of r e la t ionsh ip  (1) by 
the  usual  p r o c e d u r e  of t r e a t in g  J  and  g as p a ram e te r s  which 
were  ad ju s t e d  to give the  bes t  fit with th e o ry  ind icated  tha t  the 
maximum in s u sc ep t ib i l i ty  fo r  the  complexes s tu d i e d ,  occu r s  ou ts ide  
the  r a n g e  u sed  in th is  s t u d y  (F igs .  8 and  9) .  The  ca lcula ted  
equa t ions  for  the  magnetic suscep t ib i l i t ie s  were ,
Xm = (0 .6 1 2 /T ) [1  + l / 3 e x p ( 5 2 5 / T ) j " ^  + 60 . . .  (2)
2
for [Cu (AcO ) 2.(3-CH3 4-N0z P y - N O ) ] ; ,  and
Xm = ( 0 . 5 7 8 / T l l l  + l / 3 e x p ( 4 9 0 /T )  j"^ + 60 . . .  (3)
2
for ( C u ( A c O ) ; . ( 2 , 6 - ( C H 3 )  P y - N O ] ; .
Inspection  of re la t ionsh ip  (1) shows tha t  = Ncx when 
T = 0, and  r i se s  to a maximum value at T|yj= 5 J / 8 k ,  so tha t  the  
t e m p e ra tu re  of the  maximum in su scep t ib i l i ty  can be de te rmined  
from the  excha nge  e n e r g y ,  J .
- 1 5 5 -
1 he calcula ted  values of Xm af each t e m p era tu re  a re  given 
in tables  10 and  11, while g , J ,  and T ^  for  the  complexes a re :
~ 328K, g = 2.15,  J  = 340 cm  ^
fo r  ICu( AcO) 2 . ( 3 -C H 3 4-NO; Py-NO] ; and
= 306 .25K, g = 2 .15,  J  = 340 cm"^ 
for  ICu (AcO ) 2 . (2 ,6 - (C H 3 )2  P y - N O ) ] ; .
The g va lues  may be compared with those  ob ta ined  for  
c o p p e r  ace ta te  monohydra te  (g = 2.13 -  2.19),^^^"^^^ while the  
va lues  of T ^  ob ta ined  show tha t  th e y  could not have  been de tec ted  
in the  te m p e ra tu r e  r a n g e  s tu d ie d .  The agreement  of exper imenta l  
po in ts  with those ca lcula ted  is rem arkab ly  good confirming 
the  b inuc lea r  s t r u c t u r e  of th e se  complexes.  The cons iderab le  
inc rease  in J as  compared to the  value o b s e rv e d  in coppe r  ace ta te  
m onohydra te ,  286 cm ^ , is p ro b ab ly  due  to the  reduc t ion  of the  
pos i t ive  c h a rg e  on the co p p e r  ions which will r ed u ce  any  repu ls ions  
be tween  them and also allow the  metal o rb i t a ls  to ex p an d  giving 
b e t t e r  o v e r l a p ;  in fact  x - r a y  c ry s ta l lo g rap h ic  da ta  on copper  
ace ta te  monohydra te  indicate a small di splacement (0.22 A) of 
each  c o p p e r  atom out  of i ts  CuO^ plane ind ica t ing  a repuls ion  
be tween  n e ighbour ing  Cu atoms.  The  d e c re ase  in C u-C u  bond 
d i s ta n ce  and  the  s u b s e q u e n t  displacement of each c o p p e r  atom 
tow ards  the  CuO^ plane,  is p robab ly  one reason  why the  ste r ic  
fac to r s  imposed by  the  methyl  g ro u p s  in 4 -n i t ro  2 ,6 - lu t id ine  
N-ox ide ,  a good i r -accep to r , become more impor tan t  as  compared 
to 2 ,6 - lu t id ine  N-oxide which is expec ted  to be a weaker  i r-acceptor .
The room te m p era tu re  magnetic moment of [ Cu( AcO ); . ( 3 -C H 3 
4-NO; P y - N O ) ] ;  at  1.28 B.M. is s ignif icantly  l a rg e r  th a n  the  
moment r e p o r t e d  for  the  c o r r e s p o n d in g  4 -n i t r o p y r id in e  N-oxide 
(0 .92 B . M . ) .  The sub s t a n t i a l  inc rease  in magnetic moment 
could not be due to the  induc t ive  effect  of the  methyl  g roup  
at posit ion 3 of the  py r id ine  r i n g , and  th e re fo re  the  twis ted  n a t u re  
of the  n i t ro  g roup  should be r e spons ib le  for  the  la rge  moment.
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The  room t e m p e r a t u r e  magnetic moment of (Cu( A c O ) ; . ( 2 , 6 - ( C H 3 ) -
Py-NO) 1; is smaller  th a n  what would be ex p ec ted  from the  basic i ty
and  the  ir-acceptor  ab il i ty of 2 ,6 - lu t id ine  N -oxide ,  because  the
c o r r e s p o n d in g  py r id ine  N-oxide complex is r e p o r t e d  to have  a
l a r g e r  magnetic moment (1.37 B . M . ) .  This  could be th e  r e su l t
of s te r ic  f ac to r s  in th e  2 ,6 - lu t id ine  N-oxide complex.  Such an effect
228 229is also d e s c r ib e d  by  Chat t  and  Shaw ’ in metal complexes 
of th e  t y p e s  [PR3 Ni RX] and  [ (P R ^ ) ;  M R ; ] ,  w here  M = Ni, Co,
Fe,  and  R =  s u b s t i t u t e d  a ry l  o r  some o th e r  aromatic g ro u p .  These 
a u t h o r s  o b s e rv e d  th a t  th e  s tab i l i ty  of th e s e  complexes was much 
in c re a s e d  when s u b s t i t u e n t s  were  a t t a c h e d  in th e  o r tho  posit ion 
of R. One of the  c au ses  fo r  s uch  addi t ional  s tabi l isat ion of the  
o r t h o - s u b s t i t u t e d  a ry l  complexes compared  to th e  meta-  or  p a r a -  
s u b s t i t u t e d  a ry l  com pounds ,  was a t t r i b u t e d  to th e  sh ie ld ing  effect  
of the  metal atoms by  th e  o r th o  s u b s t i t u e n t s .
E . S . R .  Resu l t s
The final and  s t r o n g e s t  p roof  suppor t ing  the  dimeric s t r u c ­
t u r e  for  th e  [ C u ( A c O ) ; . ( 3 -C H 3 4-NO; P y - N O ) ] ;  complex was af fo rded  
by  th e  po lyc rys ta l l ine  e . s . r .  s p e c t r a  of th i s  complex.  At room 
t e m p e r a t u r e  t h r e e  p eak s  a p p e a r e d ,  th e  f i r s t  peak  being v e r y  
close to zero magnetic f ield.  Th is  is qu i te  incompat ibe with a 
sp in  of 1 /2 ,  which must  have  K ram ers ' s  d e g e n e r a c y .  At 90K, 
t h e  sp ec t ru m  was similar  b u t  cons ide rab ly  w eaker  with n a r ro w e r  
l ines (F ig .  10).  The  c hange  of in t e n s i ty  with t e m p e ra tu re  is 
t h u s  qua l i ta t ive ly  in agreement  with th e  magnetic measurement 
r e s u l t s ,  s ince th e  in t e n s i ty  is s imply re la ted  to the  suscep t ib i l i ty .
The main f e a t u r e s  of th e  e . s . r .  s p e c t r a  a re  qu i te  similar to those
r e p o r t e d  for  o th e r  po lyc ry s ta l l ine  c o p p e r ( I I )  a ce ta te  compounds 
230by  Lewis et al .  who have  r e c o rd e d  th e i r  s p e c t r a  at a microwave 


































The genera l  problem of magnetic r e sonance  in an isolated 
pa i r  of identical  ions ,  each with ef fec t ive spin = S2 = 1/2 
and  with g - t e n s o r s  whose p r inc ipa l  va lues  and  pr inc ipa l  axes  a re  
the  same is tack led by  many a u t h o r s .  In th is  sys tem ,
assuming  th a t  th e  orb it al  a n g u l a r  momentum is completely q u e n c h e d ,  
th a t  the  s p in - o r b i t  in te rac t ion  and the  d i r ec t  d ipo la r  in te rac t ion  
can be n e g lec te d ,  th a t  the  ax is  joining the  two ions is the  h igh  
symmetry  ax i s ,  t h a t  th e  iso tropic  H eisenberg  Hamiltonian J  S2 
(Hj^2 ) d e s c r ib e s  the  s p in - s p in  coup l ing ,  and th a t  it is the  l a rg e s t  
te rm in th e  combined spin  Hamiltonian, the n  the  total spin Hamiltonian 
may be e x p r e s s e d  as a funct ion  of the  single  ion Hamiltonians 
Hj and  H2 and  th e  H eisenberg  Hamiltonian Hj2 as
H = H j  + H2 + H^2
The two S = 1/2 ions couple to form a sing le t  (S = 0) and a t r ip le t  
(S = 1 ) .  For pos i t ive J ,  the  s ing le t  s ta t e  is the  lowest and  the  
e n e r g y  sepa ra t ion  be tween th e  s ingle t  and the  t r ip le t  s ta t e  is equal  
to J .  When th e  ex c h a n g e  is i so t rop ic ,  all the  t r i p le t  levels  have  
th e  same e n e r g y  (+J /4 )  in zero magnetic f ield,  and  a re  equal ly  
spaced  by  gBHz when a field is app l ied .  These  t ra n s i t io n s  a re  
i n d e p e n d e n t  of th e  value of J ,  showing th a t  isotropic exchange  
has  no e f fec t  on th e  spec t rum  excep t  at t e m p e ra tu r e s  where  kT - J ,  
when th e  in t e n s i t y  will no longe r  v a r y  in v e rs e ly  as the  abso lu te  
t e m p e r a t u r e  b ecause  of the  t r i p le t - s in g le t  s p l i t t in g .  If J  is pos i t ive ,  
and  J  »  g3Hz,  th e  t r ip le t  s ta t e s  lie h i g h e r  in e n e r g y  and  th e i r  
popula t ions  will t e nd  to zero at  su f f ic ien tly  low t e m p e ra t u r e s  when 
kT «  J ,  so t h a t  the  spec t rum  will th e n  decl ine in in t e n s i ty  and  
ul t imately van i sh  as  the  t e m p e ra tu r e  is lowered .  If  J  is n e g a t iv e ,  
th e  s ing le t  s t a t e  is the  h i g h e r  in e n e r g y ,  and  will become depopu la ted  
at  su f f ic ien t ly  low te m p e r a t u r e s ;  if g3Hg «  kT «  J ,  the  in t e n s i ty  
of the  sp ec t ru m  line a t  g3Hg will be g r e a t e r  by  a fac to r  4/3 when 
th e  s ingle t  s t a t e  is completely depopu la ted  than  it would have  
been  in th e  a b s e n c e  of the  ex ch a n g e  in te rac t io n .  T h u s  in t e n s i ty  
measurements  in the  region where  kT - J  can be used  to est imate 
th e  value of J .
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The e lec tron  spin re sonance  o b s e rv e d  in the  t r ip le t  s ta te  
co n s i s t s  of 21 + 1 l ines with a h y p e r f in e  sp l i t t ing  of A/2 ,  where A is 
th e  h y p e r f in e  sp l i t t ing  for  the  indiv idua l  ions.  Usually more 
th a n  one se t  of 21 + 1 l ines is o b s e rv e d  in a t r ip le t  s ta te  s ince 
an an iso t rop ic  s p in - s p in  in te rac t ion  gives  r i se  to a zero field 
s p l i t t in g .  For example ,  a dipole-dipole  in te rac t ion  will remove 
th e  t h r e e - fo ld  d e g e n e ra c y  in the  t r i p le t  s ta t e  so th a t  even  in the 
a b s e n c e  of magnetic f ield,  the  Mg = 0 and  Mg = ±1 levels  will have 
d i f f e r e n t  e n e r g i e s .  The applicat ion  of a magnetic field will cause 
th e  e n e r g y  levels  to s e p a ra t e  and  two t r a n s i t io n s  AMg = ±1 will 
a p p e a r  in the  s p ec t ru m .
In a complex which p o s se s s e s  an odd num ber  of e l ec t rons ,  
K ram er ' s  theorem d ic ta te s  th a t  the  g ro u n d  s ta t e  has  at  least  a 
two-fold  d e g e n e r a c y .  However,  when the  total num ber  of magnetic 
e l ec t rons  is e v e n ,  the n  the  d e g e n e r a c y  of the  g ro u n d  s ta t e  may 
be removed in acco rdance  with th e  J a h n - T e l l e r  e f fec t .  The te rms 
in th e  sp in  Hamiltonian which ana ly t ical ly  r e p r e s e n t  th i s  phenomenon 
a re  usua l ly  def ined  as D and  E. If the  magnetic field is along 
th e  z - a x i s ,  the n  the  en e rg i e s  of t h r e e  sp in  s t a t e s  S = 1, Mg = 1
( | 1 ,  1>); S = 1, Mg = 0 ( | 1 , 0 > ) ;  and  S = 1, Mg = -1 ( | 1 ,  -1>) are
|1 ,  1> gBHz + D
|1,  0 > 0
| 1 , -1>  -gBHz + D
The  two t r a n s i t io n s  from the  11, -1> s t a t e  to the  |1 ,  0> s ta t e
and  from th e  |1 ,  0> s ta t e  to the  |1 ,  1> s t a t e  a re  d e s c r ib e d  by
th e  se lect ion ru le  AMg = ± 1 .  T hese  t r a n s i t i o n s  occu r  at  ene rg ies
hv^ = gBH^ -  D and  hv^ = gBH^ + D r e s p e c t iv e ly .  In typica l
e x p e r im e n t s ,  t h e  microwave f r e q u e n c y  is he ld  c o n s t a n t ,  ,
232and  the  value fo r  D is f u r n i s h e d  by  the  e x p re s s io n
D = -  »2>
2
If gBHz is comparable with J ,  t h e  sp ec t ru m  is more complicated 
in i t s  b e hav iou r  and is d i s c u s s e d  in r e f e r e n c e s  231 and  233.
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Lewis et ^  have i n t e r p r e t e d  t h e i r  r e s u l t s  by as suming  
tha t  the  complexes have  axial symmetry  and  used  the  s p in -  
Hamiltonian (4)
H = g | |HzSz + + HySy) + D V  ••• (4)
and  solving it when the  appl ied magnetic field is along the  symmetry  
axes  of the  molecule, th e y  have  ob ta ined  the  e n e r g y  levels  ( 5 ) 
in th e  paral lel  d irec t ion
= D + g| |BH||
" 2  = ^  ■ g | | ^ ^ | |  ••• (5)
W3 = 0
and  ( 6 ) in th e  p e rp e n d i c u l a r  d ir ec t ion
QJ — _  I 1 / V _L I f  \ I n  _l_ „  i. L> i. II1 = -  D/2 + (D V 4  + 3 2  h ^ 2 )
(^ 2 = -  D/2 -  (D = /4 + g 2 g2 H . 2 ) i  (6)
Wg = 0
and  p r e d ic te d  th a t  th e  se lect ion ru le  AMs = ± 1 would allow the  
t r a n s i t io n s  (7) to  be o b s e rv e d  at X -b an d  microwave f r eq u en c ie s
hv = D -  g| |3H^
hv = -  D + gyBH^ . . .  (7)
hv = -  D/2 + (D2/4 + gj 2^ 32
The  above model was t e s t e d  with [C u (A c O ) 2 ( 3 -C H 3 4 -N O 2 - 
Py-NO) ] 2 . At room t e m p e ra tu r e  th e  t h r e e  a b s o rp t io n s  o c c u r re d  
at th e  magnetic f ields ex p e c te d  from the  above e q u a t io n s .  The 
m easured  va lues  of and  w ere ,  650 G auss ,  6000 Gauss ,
and  4675 Gauss r e s p e c t iv e ly .  S ubs t i tu t ion  of th e  H values  in 
r e la t ionsh ip  (7) gave ,
D = 0.3829 cm  ^; g y = 2.47;  gj^ = 2.10.
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These  values  a re  in excellent  agreement with the  magnetic 
measurement r e s u l t s  which gave g = 2 .13,  because
g -  l / 3 ( g  II + 2gj^) = 2.13
The e . s . r .  spec t rum  of [ Cu( AcO ) 2 . ( 3 -C H 3 4 -N O 2 Py-NO)]  
-in methanol  (10 ^M) was also r e c o r d e d .  At room te m p e ra tu re  a 
s ingle b r o a d  line a p p e a re d  with g = 2.162.  The frozen  solution 
gave  an axially symmetric spec t rum  with h y p e r f in e  sp l i t t ing .  
(Fig .  11). The g and  A values  ob ta ined  a re  as follows:
g I, = 2.366 ± 0.005
gj^ = 2.054 ± 0.005
A m = 134 G ± 5
Aj  ^= not  reso lved
These  va lues  dev iate qu i te  s ign if icantly  from the  values  
ob ta ined  from th e  magnetic suscep t ib i l i ty  measurements  and  e . s . r .  
s p e c t r a  of pollycrys ta l l ine  samples.  The absence  of zero-f ield  sp l i t t ing 
and  the  l a rg e  value of A || p ro b ab ly  r e s u l t  from th e  formation 
of monomeric spec ie s  a n d / o r  the  rep lacement of l igand molecules 
by  methanol .
3 . 4 . 3 .  Conclusions
In 2 ,6 - lu t id in e  N-oxide complex the  p re s e n c e  of two methyl  
g ro u p s  r e s u l t e d  in the  formation of a complex hav ing  a magnetic 
moment smaller t h a n  the  c o r r e s p o n d in g  p y r id in e  N-oxide complex,  
ind ica t ing  the  p r e s e n c e  of a s l igh t ly  s h o r t e r  c o p p e r - c o p p e r  d is tance  
in th e  former .  Spec t ra l  da ta  and  magnetic measurements  of
4 - n i t r o p y r id in e  N-oxide and  4 -n i t ro  3-picoline N-oxide complexes 
ind ica ted  tha t  th e  p r e s e n c e  of a n i t ro  g ro u p  at position 4 will 
enhance  the  ir-acceptor  p ro p e r t i e s  of th e se  l igands  and  would 
s ign if ican tly  inc re ase  c o p p e r - c o p p e r  in te rac t ion  in th e i r  c o r re s p o n d in g
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complexes .  T h e re fo re ,  the  combined effect of the  n i t ro  g ro u p ,  
and  th e  s te r ic  f ac to rs  at the  2 and 6 posi t ions of the  pyr id ine  r ing  
would r e q u i r e  the  formation of a complex hav ing  a re la t ive ly  s ho r t  
c o p p e r - c o p p e r  d i s tance .  This  would re su l t  in the  displacement 
of each  co p p e r  atom towards  the CuO^ plane th u s  caus ing  
s te r i c  in te rac t ion  between th e  methyl g ro u p s  and  the  CuO^ oxygen  
atoms.  A no ther  fac to r  tha t  makes the  s te r ic  fac to r s  even  more 
p ro n o u n c e d  in n i t ropy r id ine  N-oxides  compared  to N-oxides not  
con ta in ing  an e lec t ron -w i thdraw ing  g roup  is tha t  the  p resence  
of an e lec t ron -w i thd raw ing  g ro u p  will r e s u l t  in the  enhanced  
double  bond c h a r a c t e r  in -N=0 which will be accompanied by 
a r ed u c t io n  in the  -N=0 bond  l e n g th .  The formation of a s h o r t e r  
N=0 bond  would r e q u i r e  the  f u r t h e r  app roach  of the  copper  
atom and  th e  methyl  g ro u p s  r e s u l t in g  in f u r t h e r  destabil isa t ion  
of th e  complex.
The  M-O-N bond angle seems to be unim portan t  in determin ing  
the  im por tance  of s te r ic  f a c to r s ,  beca use ,  th e  p re s en ce  of N=0 
double  bonding  would r e q u i r e  a M-O-N bond angle close to 120°, 
w hereas  the  p r e s e n c e  of an N -0  single bond would r e q u i r e  an 
M-O-N ang le  close to 108°. However,  co p p e r  and  oxygen  orbital  
o ve r la p  in th e se  two cases  may r e q u i r e  th e  d ihedra l  angle between the  
p lane  of the  p y r id in e  r ing  and  the  CuO^ plane to be quite  d i f f e r e n t ,  
so t h a t  the  two p lanes  a re  nea r ly  paral lel  in the  absence  of an 
e l ec t ro n -w i th d ra w in g  g roup  on th e  py r id ine  r i n g ,  and  a re  nea r ly  
p e rp e n d i c u l a r  in i ts  p r e s e n c e .
1 6 4 -
3 .5 .  C o p p e r ( I I )  Halide Complexes
3 .5 .  The Crys ta l  and Molecular S t r u c t u r e s  of CuCl^ . ( 2 , 6 -(  CH  ^ ^
3-N 0  2 Py-NO ) 2 and  C u B r 2 . ( 2 , 6 -(  CH 3 ) 2 4-NO 2 Py-NO ) 2 (Dark  Brown)
The c ry s ta l  and molecular s t r u c t u r e s  of these  two compounds 
were de termined  with the  aim of making the  In te rp re ta t ion  of th e i r  
spec t roscop ic  da ta  and  magnetic measurement r e s u l t s  eas ie r ,  and to 
compare th e i r  s t r u c t u r e s  with the  s t r u c t u r e s  of o th e r  copp e r ( I I )  hal ide 
complexes of py r id ine  N-oxides .  The molecular s t r u c t u r e  determina tion 
was also usefu l  for  comparing the  molecular dimensions of the  l igands  
with those of py r id ine  N-oxide and i ts  d e r iv a t iv e s  as l igands  in 
coordina tion compounds.
The  s t r u c t u r e  of CUCI2 . ( 2 , 6 - ( CH3 ) 2 3 -N O 2 Py-NO ) 2
This compound c rys ta l l i ses  in the  monoclinic system with a =
7.16669 A, b = 20.1739 A, c = 6.813 A and  3 = 104.1°,  space  g roup
P2 i / C . The s t r u c t u r e  was re f ined  by  least  s q u a re s  techn ique  to a
final R value of 0.0402.  A view of the  complex is shown in f igu re
1 2 , and some of th e  bonding and n o n -bond ing  d is tances  and angles
are  l isted in tab les  12 and 13, r e s p ec t iv e ly .  The complex is four
coord ina te  , t r a n s - p l a n a r  and monomeric,  where  CUCI2 . ( 2 , 6 -( CH3 ) 2
3 -N O 2 Py-NO) 2 un i t s  a re  well s e p a ra t e d  from each o th e r  with the
o
s h o r t e s t  C u . . . C u  separa t ion  >7 A. The four  atoms Cl, 0 ,  Cl ' ,  O'
a round  the  cen t r a l  metal ion form a rhomboid since the  C u - 0  and
o
Cu-Cl bond le n g th s  a re  1.949(1) and  2.229(0)  A, r e s p ec t iv e ly ,  and 
the  two in d e p e n d e n t  cis C l - C u - 0  angles  are  85 .73(4)°  and  94 .27(4 )° ,  
while the  O - C u - 0 '  and  Cl-Cu-Cl '  t r a n s  angles  a re  179.98(6) and  179 .97(3)°  
r e s p e c t iv e ly .  The angle th a t  the plane containing N^-O^-Cu makes 
with the  plane conta in ing  the  py r id ine  r ing  was not ca lcula ted;  
how ever ,  as  it is seen in f igu re  1 2 , th is  angle  is p robab ly  v e ry  small 
so tha t  the  two planes  a re  almost cop lanar .  The r ing  planes  are  inclined 
at  an angle of 117 .83(7)° to the  basal p lane .  It is a p p a re n t  tha t  th is  
or ien ta t ion  places two methyl g r o u p s ,  one from each l igand,  into posi t ions 
which block the  two axial posi t ions of the  c o p p e r ( I I )  ion, and  th e re f o r e ,  
p rev en t  any  in te rac t ion  between the  metal ion and ne ighbour ing  ions 
or  donor  s i te s .
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Cu
Fig.  12. A view of the  complex C u C l j . ( 2 , 6 - ( C H 3 ) 2  S-NOj Py-NO)
(Note th e  c r y s t a l l o g r a p h e r s  have  used  a d i f f e re n t  number ing  system 
from th a t  u sed  e lsewhere  in th is  Thes i s )
~ 16 6 -
Table  12. Bonding and non -bond ing  d i s tances  ( A ) with e . s . d . ' s  
in p a r e n t h e s e s  for  C u C l j . ( 2 , 6 - ( CH3 )2 S-NOg Py-NO)
Cu-Cl 2.229(0) C2-C5 2.727(2)
C u -  Cl' 2.229(0) C2-C6 2.578(3)
C u -0 1 1.949(1) C2-N2 1.476(2)
0 1 - N l 1.347(2) 0 2 - 0 2 2.324(2)
0 1 - C l 2.314(2) 0 2 - 0 3 2.296(2)
01-C5 2.309(2) 0 2 -H l 2.672(2)
01 -C 6 2.665(3) 02-H7 2.038(2)
0 1 - 0 7 2.665(3) 0 3 - 0 4 1.372(3)
01-H2 2.612(1) 0 3 - 0 5 2.398(3)
01-H3 2.636(1) 03-N2 2.429(2)
01-H3 2.354(1) 0 3 - 0 3 2.729(2)
01-H5 2.602(1) 03-H8 2.038(2)
01-H6 2.636(1) 0 4 - 0 5 1.385(3)
N l - C l 1.354(2) 0 4 - 0 7 2.537(3)
N1-C2 2.315(2) 04-H4 2.616(2)
N1-C3 2.718(2) 04-H7 2.044(2)
N1-C4 2.347(2) 0 5 - 0 7 1.480(3)
N1-C5 1.358(2) 05-H4 2.027(2)
N1-C6 2.425(2) 05-H5 2.026(2)
N1-C7 2.430(3) 05-H6 2.023(2)
N1-H2 2.674(1) 05-H8 2.042(2)
N1-H3 2.674(1) N2-02 1.213(2)
N1-H5 2.677(1) N2-03 1.215(2)
N1-H6 2.677(1) N2-H1 2.611(2)
C1-C2 1.384(2) N2-H7 2.580(2)
C1-C3 2.425(2) 0 2 - 0 3 2.143(2)
C1-C4 2.776(2) 0 2 - H l 2.178(2)
C1-C5 2.404(2) 03-H4 2.720(2)
C1-C6 1.489(2) 03-H7 2.477(2)
C1-N2 2.475(2) 03-H8 2.752(2)
C l - H l 2.034(2) 07-H8 2.724(2)
C1-H2 2.032(2) H1-H2 1.551(0)
C1-H3 2.031(2) H1-H3 1.551(0)
C2-C3 1.372(2) H2-H3 1.551(0)
C2-C4 2.353(2) H4-H8 2.445(0)
Table  13.
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Bonding and  non -bond ing a n g le s (d e g  ) with e . s . d . ' s
in p a r e n t h e s e s  for  CuClg . (2 ,6 - (C H 3 )2 3 - N O z  P y - N O ) z
Cl -C u -C l ' 179.97(3) C4-C3-H7 121.27(18)
C l -C u -0 1 85.73(4) C3-C4-C5 120.83(16)
Q ' - C u - O l 94.27(4) C3-C4-H8 119.96(19)
O l - C u - 0 1 ' 179.98(6) C5-C4-H8 119.21(19)
C u - O l - N l 121.24(9) 01-C5-N1 31.25(8)
C u - O l - C l 113.56(6) N1-C5-C4 117.64(16)
CU-01-C5 119.56(7) N1-C5-C7 117.74(17)
N l - O l - C l 31.13(8) C4-C5-C7 124.61(18)
N 1-01-C5 31.53(8) C1-C6-H1 110.17(17)
C 1-01-C5 62.66(6) C1-C6-H2 110.47(17)
0 1 - N l - C l 117.93(14) C1-C6-H3 110.98(16)
01-N 1-C5 117.22(14) H1-C6-H2 107.66(18)
C1-N1-C5 124.85(14) H1-C6-H3 108.42(20)
C2-N1-C4 60.63(7) H2-C6-H3 109.05(20)
0 1 - C l - N l 30 .94(8) C2-N2-02 119.29(15)
0 1 -C 1-C 6 86.10(12) C2-N2-03 116.77(16)
N1-C1-C2 115.38(14) 0 2 -N 2 -0 3 123.90(17)
N1-C1-C6 117.03(15) C2-02-N2 33.63(9)
N l - C l - H l 143.46(12) C 2 -0 2 -0 3 61.70(7)
C2-C1-C6 127.54(16) N 2 -0 2 -0 3 28.08(10)
N1-C2-N2 151.65(13) C2-03-N2 35.02(10)
C1-C2-C3 123.25(16) 0 2 - 0 3 - 0 2 63.03(7)
C1-C2-N2 119.76(15) N 2 -0 3 -0 2 28.02(10)
C1-C 2-02 96.72(12) 0 2 - 0 3 - 0 4 118.02(16)
C1-C2-03 141.52(13) 02 -0 3 -H 7 120.71(18)
G3-C2-N2 116.99(15) 0 5 -0 7 -H 4 110.67(21)
C3-C 2-02 137.48(14) 0 5 -0 7 -H 5 110.74(21)
C3-C2-03 92.64(12) 0 5 -0 7 -H 6 110.47(20)
N2-C2-02 27.08(8) H4-07-H5 108.24(22)
N2-C2-03 28.21(8) H4-07-H6 108.22(23)
0 2 - C 2 - 0 3 55.27(7) H5-07-H6 108.41(25)
- 1 6 8 -
o
1 he Cu Cl bond length of 2.229(0) A is similar  to o th e r
terminal  Cu-Cl bond leng ths  in related c o m p l e x e s . 1^0,134
o
bond leng th  of 1.949(1) A is, as expec ted  s h o r t e r  than  b r idg ing
bond l e n g th s  of 1.949(1) Aand 2.036 A in the  dimeric C u C L .  (Pv-NO)
130
complex.  The Cu-O^-N^ bond angle is 121 .24(9)°  as would 
be r e q u i r e d  by tr igonal  p lana r  sp^ bonding ( 1 2 0 ° ) . Thi s  ang le  is 
s l igh t ly  smaller than  those obse rved  in the  1:1 dimeric complex 
C u C l^ . (P y -N O )  (123 .5 (1 .6 )  and 127(1.7)°)^?® The N -0 ,  bond leng th
o ^
is 1 .347(2)  A, s l igh t ly  s h o r t e r  than tha t  r e p o r te d  in py r id ine  N-oxide
o
(1 .37  A) and is in the  r a n g e  repo r te d  for  the  N -0  bond leng th  in the  
dimeric c o p p e r ( I I )  hal ide 1:1 complexes.
Comparison of the  bond leng ths  and  bonding  angles  in the
l igand with those  o b s e rv e d  in re la ted  l igands  revea led  th a t  the  C-C
bond le ng th s  in 3 -n i t ro  2 ,6 - lu t id ine  N-oxide a re  v e ry  close to those
o b s e r v e d  in py r id in e  N-oxide,  with C-C bonds  paral lel to the  long
molecular  ax is  of the  l igand longer than the  o th e r  C-C and  N-C
b o n d s . T h e  C^-C^ and C^-C.^ bond leng ths  at 1.480(3) and
1.489(2)  A a re  s l igh t ly  s h o r t e r  than those o b s e rv e d  in 4 -n i t ro  3-
o
picoline N-oxide  (1.515 A) and 4-n i t ro  3 ,5 - lu t id ine  N-oxide (1.510 and  
o
1.516 A) p ro b ab ly  due  to the  hypercon juga t ion  of the  methyl  g ro u p s
with th e  r in g  sys tem .  The ni t ro  g roup  is d isp laced  from the  plane of
th e  r in g  with an ang le of 33 .7°.  The reason  for  th is  d isplacement  is
not  v e r y  c lea r  and  could ar i se  e i th e r  because  of the  s te r ic  effect  of the
methyl  g ro u p  on the  ca rbon  atom adjacen t  to the  carbon  contain ing
the  n i t ro  g ro u p ,  o r  due to electronic and  coordinat ion re q u i re m e n t s  of
the  l igand .  Such  a twist ing should o c c u r r  re la t ive ly  easi ly because  of
o
th e  sing le  bond c h a r a c t e r  of C^-N^ at 1.476 A .
The  S t r u c t u r e  of C u B r ^ . (2 ,6-(CH3 );  4 -N O 2 P y -N O ) ;  (D ark  brown)
This  compound c rys ta l l i se s  in the o r thorhombic  system with 
a = 6.875 A, b = 16.6511 A, c = 17.0345 A and 3 = 90.00° ,  space  g ro u p  
Pbca .  The complex may be desc r ibed  as t r a n s - s q u a r e  p lana r  s ince 
th e  B r - C u - 0  bond angles  a re  about  90.00° (Fig .  13); however  the
O o
C u - B r  bonds  a re  s h o r t e r  (2.272 A) than  the  C u - 0  bonds  (2.689 A) 
c o n t r a r y  to what was ex p e c te d .  The angle tha t  the  plane conta in ing  
N j - O j - C u  makes with the plane conta in ing the  py r id ine  r ing  was not
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ca lcu la ted ;  ho w ev e r ,  as  it is seen in f igu re  13, the two planes  should
almost be p e r p e n d i c u l a r  to each o th e r ,  making the  s t r u c t u r e  of th is
compound s ign if ican tly  d i f f e re n t  from th a t  of C uC lz . ( 2 , 6 - ( C H 3 ) 2 3 -N O 2
P y - N O ) 2 . The d ih e d ra l  angle be tween the  basal  plane and tha t
de f ined  by  the  p y r id in e  r ing  is 97.1° placing one l igand on each side
of th e  basal  p lane .  The long C u -0 ^  bond leng th  and the  or ientat ion
of th e  l igands  with r e s p e c t  to the  basal  p lane leave the  two axial
pos i t ions  u n o ccu p ied ,  t h u s  allowing some in te rac t ion  to take  place
be tween  a n i t r o - o x y g e n  and  a n e ig h b o u r in g  c o p p e r  ion (Fig .  14). This  
o
d is ta n ce  at  3.55 A is v e r y  long for  a C u - 0  coordina ted  bond .  Some 
of th e  bond ing  and  nonbond ing  ang les  and  d i s ta nces  a re  l i s ted in 
Table  14 and  15 r e s p e c t iv e l y .
It  should  be noted  th a t  C u -0 ^  and  Cu-O^ bond le ng ths  are  
lo n g e r  th a n  what  was es t imated  from the  cova lent  rad ii  of c o p p e r ( I I )  
ion and  o x y g e n .  I t  is s u g g e s t e d  t h a t  in a d i s to r t e d  te t ragona l  
o c ta h e d ro n  th e  in -p l a n e  covalent  r a d iu s  of th e  co p p e r ( I I )  ion is ca.
O O p7C poL
1.30 A and  i ts  out  of p lane r a d iu s  is ca.  1.90 A. ’ An
o b s e r v e d  bond l e n g th  would th e n  be the  sum of th e  covalent  radii  
of th e  l igand  and  th e  c o p p e r ( I l )  ion (rg o r  r a s  a p p r o p r i a t e ) .  For 
n o n -e q u iv a le n t  l i g a n d s ,  th e  o b s e rv e d  b o n d - l e n g t h s  will still involve 
th e  sum of th e  a p p r o p r i a t e  covalen t  rad i i .  Using th is  a p p ro ac h ,  the  
va lues  of s h o r t  (Rg) and  long (R^) c o p p e r -o x y g e n  bond le n g th s  are  
es t imated  as  (1.30 + 0.73 = 2.09 A) and  (1.90 + 0.73 = 2.63 A)
re s p e c t iv e ly  as found  in many py r id in e  N-oxide complexes.  The
o o
o b s e r v e d  Cu-O^ and  Cu-O^ bond l e n g th s  at 2.689 A and  3.55 A a re
much lo n g e r  t h a n  th e  es t imated  va lues ,  and  t h e r e f o r e ,  could h a rd ly
be r e g a r d e d  as b o n d s .  This  s i tua t ion  is v e r y  s t r a n g e  since in
s q u a r e - c o p l a n a r  complexes ,  the  o b s e rv e d  in -p lane  coppe r - l igand  bonds
237 238a re  s h o r t e r  t h a n  in th e  t e t r a g o n a l -o c ta h e d ra l  case .
A no the r  way of d e s c r ib in g  th i s  complex would be to cons ide r  
a l inear  B r - C u - B r  s t r u c t u r e  with fo u r  sem i-coord ina ted  l igands  on the  
o t h e r  ax is  of a g ro s s ly  d i s to r t e d  te t r a g o n a l  s t r u c t u r e .
No indicat ion of a quinoidal  n a t u r e  in the  l igand in th i s  complex
o
was o b s e r v e d .  The  a v e ra g e  C-C d i s t a n c e ,  1.38 A, and  the  a v e ra g e
o
C-N, d i s t a n c e ,  1.35 A, a re  normal.  O th e r  indica t ions  of the  absence  
1
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B r'
F i g .  13 .  A v i ew  o f  C u B r j  . ( 2 , 6 - ( C H 3 )  ^ 4 -NOz P y - N G ) 2  (d a r k  b r o w n )
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Fig . 14. A view of the  complex C u B r 2 . ( 2 , 6 - (C H 3 ) 2  4 -N O 2 P y -N 0 ) 2  
(d a rk  b ro w n ) .
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of qu ino idal s t r u c t u r e  in th e  ligand  is th e  re la t iv e ly  long 
bond  le n g th  at 1.34 A, which is lo n g e r  th an  those  o b s e rv e d  in o th e r  4- 
n i t ro p y r id in e  N- ox i de s , and th e  Cu-O^-N^ bond ang le  113.63°, 
as  would be re q u i re d  by  a t e t r a h e d ra l  d isposition  of oxygen  lone 
p a i r s .  The d ih e d ra l  ang le  betw een th e  p lane of th e  p y r id in e  r ing  
an d  th e  p lane r e p re s e n t in g  th e  NO2 g ro u p  is 139 .4°. Tw isted  NO^ 
g ro u p s  w ere also r e p o r te d  in 4 -n i t ro  3-picoline N-oxide and  4 -n i t ro  
3 ,5 - lu t id in e  N -oxide and  th e  reaso n  fo r  th e  tw is t  was a sc r ib e d  to 
th e  s te r ic  e f fec ts  of th e  methyl g ro u p s  on th e  ca rb o n s  ad jacen t to 
th e  ca rb o n  con ta in ing  th e  n i t ro  g ro u p .  No su ch  effec t being  p re s e n t  
in 4 -n i t ro  2 ,6 - lu t id in e  N -ox ide , th e  p ro b ab le  reason  fo r  th e  o b se rv ed  
tw is t  would be th e  sem i-coordination  of a n i t ro  g ro u p  o xygen  with a
c o p p e r ( I I )  ion . This  tw is ting  shou ld  be re la t iv e ly  easy  cons ide r ing
o
th e  almost s ing le  bond c h a ra c te r  of C^-N^ a t 1.480 A.
Comment on the Structure of the Complexes
The s t r u c t u r e  of th e  complex C uC lg . (2 ,6 -(C H 3 )% 3 -N O 2 P y -N O ) 2 
is no t novel in th e  se r ie s  of c o p p e r ( I I )  halide  p y r id in e  N -ox ides ,  
e x c e p t  fo r  i t s  more d is to r te d  n a t u r e ,  i . e .  0 -C u -C l  ang les  not being 
90°. T h e re fo re ,  th is  complex c o r re s p o n d s  to  th e  g reen  isomer of 
1:2 monomeric c o p p e r ( I I )  halide  com plexes of p y r id in e  N -o x id es ,  th e  
d is to r t io n  ta k in g  place due  to  th e  s te r ic  c row ding  n e a r  th e  d o n o r  s i te .
The s t r u c t u r e  of C u B r 2 . ( 2 , 6 - ( 0 1 1 3 ) 2  4 -N O 2 P y -N 0 )2  (d a rk  
b row n) is novel in th a t  th e  C u -0 ^  bond le n g th  is v e ry  long and  
th e  o r ie n ta t io n s  of th e  l ig an d s  a re  su c h  th a t  each ligand  can in te ra c t  
w ith  two d if fe re n t  c o p p e r ( I I )  ions th ro u g h  N -oxide and  n i t ro -o x y g e n s .  
T he le n g th e n in g  of C u -0 ^  bond  le n g th  is most p ro b a b ly  due  to  th e  
p re s e n c e  of a second  com petetive d o n o r  s i te ,  N0 2 ~oxygen , in th e  ' 
same l ig an d ,  so th a t  in s te ad  of forming one s t ro n g  covalent bond 
(as  e x p e c te d  to  be p r e s e n t  in th e  g reen  isom er of th is  com plex), two 
w eak b o nds  betw een th e  C u (I I )  ion and  each  of th e  d ono r  s i te s  a re  
fo rm ed . This  a rg u m e n t also exp la in s  th e  s t r a n g e  magnetic b eh av io u r  
of th i s  complex to be d is c u sse d  in a la te r  sec tion .
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3 .5 .2 .  Reflectance S pec tra
The d iffu se  re f lec tance  sp e c tra  of the  c o p p e r ( I I ) halide complexes 
a re  p r e s e n te d  in f ig u re s  14-17. T hese  s p e c tra  may be conven ien tly  
c lass ified  into th re e  g ro u p s  by reg io n :  , 1 0 , 0 0 0  -  13650 cm“ ^; v^ ,
15,200 -  16,500 cm"^; v^, 18,000 - 21,300 cm"!
: All th e  s p e c tra  show a band of re la t iv e ly  lov/ in te n s i ty  in
th is  re g io n .  From the  f re q u e n c y  and in te n s i ty ,  the  band in th is  region 
can u n d o u b te d ly  be a t t r ib u te d  to th e  so called co p p e r  b a n d ,  a tran s i t io n  
v/ithin th e  d shell .  From the  da ta  in tab le  16, the  following re s u l t s  
w ere confirm ed : 1) As ex p ec ted  from th e  spec troc  hemical s e r ie s ,  the
band  positions  of bromo complexes a p p e a r  at s h o r te r  w avenum bers  
th a n  those  of th e  c o r re sp o n d in g  chloro  com plexes. 2) For the  same 
s u b s t i tu e n t  g ro u p ,  th e  c lose r  th e  s ite  of su b s t i tu t io n  to the  cen tra l  
metal ion is ,  th e  g r e a te r  is th e  e n e rg y  of a d -d  t ra n s i t io n .  In the  case 
of th e  m ethyl g ro u p ,  e . g . ,  th e se  e ffec ts  in c rease  in th e  o rd e r  2 -> 3 - ,  
w h ereas  in the  case  of th e  n i t ro  g ro u p  th e y  in c re a se  in the  o rd e r
3->4-. 3) The g r e a t e r  the  num ber  of s u b s t i tu e n t s ,  th e  h ig h e r  is the
e n e rg y  of d -d  t r a n s i t io n ,  e . g . ,  the  b an d s  of 4 -n i t ro  2 ,6 - lu t id in e  
N -oxide complexes a re  g r e a te r  th an  the  c o r re sp o n d in g  b an d s  of 4 -n it ro
2-picoline N-oxide com plexes. Poin ts  2 and 3 seem to ind ica te  th a t ,  
in th e se  com plexes, the  s te r ic  fac to r  is im portan t in de term in ing  the  
position  of a d -d  b a n d .  This  effec t could be a t t r ib u te d  to the  shielding 
of th e  f if th  and  s ix th  coord ina tion  s ite s  by chemically in e r t  g ro u p s  
which in c re a se  th e  te t ra g o n a l i ty  of complexes and th e  s t r e n g th  of the  
fo u r  coo rd ina te  b o n d s  in th e  p lane .  4) The varia tion  in th e  position
of th e  d -d  band  could also be in te rp re te d  in te rm s of th e  basic ities  
and  o -d o n o r  s t r e n g t h s  of the  l ig an d s ;  4 -n i t ro  3-picoline N-oxide being 
th e  leas t  basic  and  th e  w eakest o-donor among the  l igands  s tu d ie d ,  
will p ro d u ce  th e  smallest d -d  sp li t t in g  on complex form ation, while
3 -n i t ro  2 ,6 - lu t id in e  N -oxide being th e  most basic and  the  best o -donor  
will p ro d u c e  th e  la rg e s t  d -d  sp li t t in g  in th e  s p e c t r a  of its  com plexes.
A s h o u ld e r  on th e  f i r s t  t ran s i t io n  v  ^ is a p p a re n t  in the  
s p e c t r a  of 1:2 complexes of 3 -n it ro  2 ,6 - lu t id in e  N -oxide, 4 -n i t ro  2-picoline 
N -ox ide ,  and 4 -n i t ro  2 ,6 - lu t id in e  N -oxide. No such  d is t inc t  sh o u ld e r  
is p r e s e n t  in the  sp ec tru m  of C uB r 2 . ( 2 , 6 - (  CH3 ) 2 4-NO 2 Py- N 0 ) 2  (b ro w n ) .
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2 0 , 0 0 0 , 1 0 , 0 0 0  
VVAVENUMBER )
F ig .  14. R eflec tance  s p e c t r a  of 4 -n i t ro  3-p icoline  N -oxide C u (I I )  
h a l id e .
 C u C lj .L   . CuClg. (L)z (yellow)
.......................C u B r j .L    C uC l2 . ( L ) 2  (o ran g e )






















F ig . 15. R eflec tance  s p e c t r a  of 4 -n i t ro  2-picoline N-oxide C u(II)  
h a l id e .
d  12 . 1^
____________ CuCl2 . ( L ) 2











1 0 , 0 0 02 0 , 0 0 0 -1WAVENUMBER
Fig . 16. R eflec tance  sp e c t r a  of 4 -n i t ro  2 ,6 - lu t id in e  N-oxide C u (II )  
h a l id e .
_C u B r 2 . ( L ) 2  ( g re e n )    C u C l; .  ( D ^
____________ C u B r 2 . ( L )2 ( d a rk  b row n)











1 0 , 0 0 02 0 , 0 0 0 -1WAVENUMBER
Fig . 17. R eflectance s p e c t r a  of 3 -n i t ro  2 ,6 - lu t id in e  N-oxide C u (II )  
h a l id e .
__________  C uC l2 .(L )2  ---------------- C uB rz(L )2
-181-
ho w ev e r  th e  sh ap e  of the  b ands  in the  reg ion  ind ica te  th a t  th is  band 
is h id d e n  u n d e r  o th e r  b a n d s .  This sh o u ld e r  is ab se n t  in the  s p e c tra  
of 4 -n i t ro  3-picoline N-oxide c o p p e r ( I I ) halide com plexes.
C o n tra ry  to the  t r e n d  o b se rv ed  in v^ , Vg band  positions  of
bromo complexes a p p e a r  a t longe r  w avenum bers  th an  those  of the
c o r re s p o n d in g  ch loro  com plexes. This t r e n d  is p ro b ab ly  due  to
n ep h e lau x e t ic  e f fec ts  of th e  ch loride  and  bromide ions ,  because  the
g r e a t e r  cloud ex p an d in g  e ffec ts  of the  bromide ions will p ro d u ce  a
g r e a t e r  o v e r la p p in g  of the  re le v an t  o rb ita ls  of th e  metal ions and  the  
170ligand  molecules. This would give a g r e a t e r  covalency  in th e i r  bonds
an d  should  give r is e  to la rg e r  ligand fields in th e  bromo com plexes. 
A cco rd in g ly ,  w hereas  re f le c ts  th e  spectrochem ical e ffect of th e  halide 
io n s ,  r e f le c ts  th e  covalent c h a ra c te r  of C u -0  bonds  in th e se  complexes 
As in th e  case  of , th e  varia tion  in th e  position of th e se  b an d s  could 
a lso  be in te rp re te d  in te rm s of the  b as ic i t ie s ,  o -d o n o r  s t r e n g th s  and  the  
s te r ic  fa c to rs  in th e s e  l ig an d s .
V ; A b and  of re la t ive ly  h igh  in te n s i ty  is o b se rv e d  fo r  all the
113brom ide complexes s tu d ie d .  In agreem ent with Muto and  Jo n a sse n ,  
th is  b an d  could be a t t r ib u te d  to in te rac t ion  betw een th e  cup ric  and 
brom ide ions and  a ir -ac cep to r .
The sim ilarity  of the  s p e c tra  of 1:2 c o p p e r ( I I )  bromide and 
ch lo ride  com plexes of 4 -n i t ro  2-picoline N -ox ide , 3 -n i t ro  2 ,6 - lu t id in e  
N -ox ide ,  and  4 -n i t ro  2 ,6 - lu t id in e  N-oxide (ex cep t C u B r2 . ( 2 , 6 - (C H 3 ) 2 
4 -N O 2 P y -N O ) 2 b row n) ind ica tes  th a t  a s t r u c t u r e  similar to th a t  
re v e a le d  by  th e  x - r a y  c ry s ta l lo g rap h ic  r e s u l t s  on CUCI2 . ( 2 , 6 - (C H a ) 2
3 -N O 2 P y -N 0 ) 2  could be a ss igned  to  all th e se  com plexes; i . e .  monomeric, 
fo u r -c o o rd in a te ,  t r a n s - p la n a r  s t r u c t u r e ,  w here  the  basal p lane con ta in ing  
th e  c o p p e r  ion, th e  two halide ion, and  th e  two N-oxide o x y g en s  form 
a rhom boid s t r u c t u r e .  The ap p ea ran ce  of two d is t in c t  b a n d s  (v^ and V2 ) 
a t t r ib u t e d  to  t r a n s i t io n s  within the  d shell is p ro b ab ly  a r e s u l t  of th is  
d is to r t io n  of th e  basa l p lane . Such a d is to r t ion  was ex p ec ted  to take  
place because  of th e  d if fe re n t  ligand field s t r e n g th s  of the  l igands  and 
th e  halide  ions and  th e  s te r ic  h in d ran c e  at the  donor s i te s  in th e se
2- and  2 , 6 - d i s u b s t i t u te d  n i t ro p y r id in e  N -oxides . The c i s - t e t r a h e d ra l  
geom etry  would be most s tab le  from e lec tro s ta t ic  and  s te r ic  co n s id e ra t io n s .
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s in ce  the s tr u c t u r e  of C u B r 2  . (2 , 6 - (C H 3  )  ^ Py-NO ) 2 is tetrahcci ra l .  ^
A c c o r d in g ly ,  a back- ï ï -bonding  of the d-orbita l s  of the copper  with the  
an t i -b o n d in g  orbitals  of the aromatic N-oxide  may be respons ib le  for  
s tab i l is ing  the trans  s tr u c tu r e .
The spectrum of C u B r 2  . ( 2 , 6 - (  CH 3  ) 2  4 - N O 2 P y - N 0 ) 2  (b r o w n ) ,  
indicates  the p resen ce  of severa l  bands in the range 5 , 0 0 0  to 30,000 cm.^ 
This makes the ass ignment  of some of them to certain d -d  tri insit ions  
rather  ambiguous .  The origin of the intense  bands between 1 5,000 and
- I
30,000 cm is not c lear .  The high in tens i ty  of these  bands could 
be due  to charge  t ran fer  transi t ions  or a result  of di s tort ions  from 
sq u a r e -p la n a r  symmetry  which would cause  the mixing of 3 d and  
4s orbitals  leading to an increase  in the intens i t i e s  of the optical  
tran s i t ions  between the metal orbita ls .
The re f le c tan c e  s p e c t r a  of CUCI2 . ( 3 -C H 3 4 -N O 2 Py-NO ) 2 
(yellow and  o ran g e )  a re  similar to the  s p e c tra  of o th e r  p rev ious ly  
r e p o r te d  monomeric 1:2 com plexes. However, the  sp e c tra l  da ta  
a re  no t eno u g h  to d is t in g u ish  betw een two possib le  s t r u c t u r e s ,  i . e .  
c i s - t e t r a h e d r a l  o r  c h lo r id e -b r id g e d  polymeric o c tah ed ra l .  In its spec trum  
C u B r 2 . ( 3 -C H 2 4 -N O 2 Py-NO) is similar to o th e r  1:1 dimeric 
com plexes of p y r id in e  N -ox ides ,  th e re fo re  a d im eric, fo u r -  
co o rd in a te  oxygen  b r id g e d  s t r u c t u r e  could be a ss ig n ed  to th is  
com plex. The s p e c t r a  of CUCI2 . ( 2 - C H 3  4 -N O 2 P y -N O ) and 
CUCI2 . ( 3 -C H 3 4 -N O 2 Py-NO) a re  qu ite  similar to the  s p e c tra  of 
o th e r  1:1 dimeric c o p p e r ( I I )  ch lo ride  com plexes, how ever the  
s p e c t r a l  d a ta  a re  not enough  to d is t in g u ish  betw een two possib le 
s t r u c t u r e s ,  one involv ing  b r id g in g  ch loride  ions, and  the  o th e r  
invo lv ing  b r id g in g  N-oxide g ro u p s ,  because  the  complexes hav ing  
bo th  geom etries  may a b s o rb  in the  same reg ion .
3 . 5 . 3 .  Visible  Absorption Spectra  in Solution
All the complexes  were ve r y  insoluble in so lvents  with 
practica l ly  no coordinating t e n d e n c y ,  such  as benzene  or chloroform,  
but th e y  were soluble in organic so lvents  capable of coordination.  
The spe c tr a  in so lutions  are somewhat di ff eren t  from the re f l ec tance  
sp e c tr a  as shown in Table 17 and Figures  18-24.  This  shows
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Table 17. Visible S pec tra l  Data in a V arie ty  of Solvents
-1Band Maxima (cm )
S o lven ts ;  A ,  Methanol; B, Acetone; C, N ,N '-D imethylformamide
1. 4 -N itro  2-Picoline N-Oxide*
Complex Solvent A V3
C uC lz .C L ); A 12,890
B 12,165 21,370
C u B rg . ( D z A 11,360
B * + 15,340 21,460
C 11,235 17,182 **+
2. 4 -N itro  3- i^icoline N-Ox ide*
C uC l2 .(L )2 A 12,195
B 12,270 21,010
CuBrg .L A 12,270
B * + 15,385 *+*
3. 4 -N itro  2, D-Lutidine N- Oxide****
C uC l2 .(L )2 A 12,195
B 12,660 22,200
C u B r j . (1)% A 12,200
B 15,290 19,230
C 11,300 17,480 20,620
4. 3 -N itro  2,(3-L u t id in e  N-oxide
C uC l2 .(L )2 A 12,315
B 12,315 ***
C u B r2 . (L ) ; A 12,315 24,630
B 12,200 15,290 19,920
**
The sp e c tra  of th e  1:1 and  1:2 complexes w ere th e  same in each 
so lven t .
-1P robab le  sh if t  of band  below 11,240 cm.
*** Band h idden  in th e  ab so rp tion  band of th e  l igand .
*+*+ T he s p e c tra  of th e  two bromide complexes a re  iden tica l.
- 1 8 4 -
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Fig . 21. A bsorp tion  spec trum  of 2.5 x 10~^M C u B rg . (2-CHg 
4 -N O 2 P y -N 0 ) 2  solution in ace tone .
Spectrum  a f te r  addition  of 0 .3g  ligand  in 4ml of
2.5 X 10”  ^ M solu tion .
Spectrum  a f te r  addition  of 0 .6g  ligand  in 4ml of
2.5 X  10  ^ M solu tion .
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F i g .  2 4 . A bsorption  spectrum  of 2 .5  x  10“  ^ M CuBrg.  
( 3 -C H 3 4 -N O 2 P y-N O ) solution in ace ton e .
Spectrum  a fter  addition o f  O.Bg l igand  in 4ml of
2.5 X  10“  ^ so lu tion .
Spectrum  a fter  a d d it io n  of 0 .6 g  ligand in 4ml of
2.5  X 10"^ so lu tion .
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th a t  solvation o ccu rs  even when the  coord ina ting  power of the  so lven ts  
is not h ig h ,  such  as methanol.
The ab so rp tion  s p e c tra  of th e  var ious  1:1 and  1:2 complexes
in m ethanol a re  v e ry  similar, and  a re  c h a ra c te r i se d  by an abso rp tion
b and  of low in te n s i ty  (e  . 8 0 )  in th e  reg ion  12,000 -  13,000 cm~^ in
th e  s p e c t r a  of all ch loride  com plexes. The c o r re sp o n d in g  band is
more in te n se  (e  .  120) in th e  s p e c tra  of th e  bromide complexes (F ig u re s
18 -  20) .  No o th e r  d is t in c t  b ands  a re  ev iden t below 25,000 cm  ^ in
th e  same so lv en t .  G radual addition  of ligand  to a 10“  ^ M solution of
th e  ch lo ride  complexes re su l te d  in a s ligh t in c rease  in th e  in ten s i ty
of th e  band  a t 12,000 -  13,000 cm  ^ and  a g ra d u a l  sh if t  of th e  b ands
above 25,000 cm  ^ to  lower w avenum bers ,  to  reach  19,230 cm  ^ at
s a tu r a t io n .  The change  in th e  s p e c tra  of th e  bromide complexes upon
ligand  add ition  was similar to  th a t  o b se rv ed  in th e  s p e c tra  of the  chloride
com plexes ex ce p t th a t  th e  in te n s i ty  of th e  band  in th e  reg ion  12,000 - 
-1
13,000 cm was not a f fec ted .  The s p e c tra  co rre sp o n d in g  to the  solid 
s ta te  a re  n e v e r  achieved  in methanol so lu tion . The e . s . r .  s p e c tra  
( d is c u s s e d  on p ag es  208 -  210) ind ica te  th a t  in methanol solu tions the  
com plexes a re  t e t r a h e d r a l  .
The ab so rp tio n  s p e c tra  of the  ch lo ride  complexes in acetone
-1showed two b a n d s  in th e  reg ion  : v , 12,100 -  12,700 cm (e  .  150),
-1and  v^, at 21,750 cm ( e  - 250). G radual addition  of ligand  re su l te d
in a s l ig h t  in c re a se  in th e  in te n s i ty  of v in each case and  th e  g radua l
- 1  .sh if t  of to lower w avenum bers  to  reac h  c . a .  18,870 cm at s a tu ra t io n .
With th e  excep tion  of th e  spec trum  of C uB rz .  ( 2 , 6 - ( € 113) 2  3 -N O 2 P y -N 0 )2 ,
th e  s p e c t r a  of o th e r  bromide complexes s u g g e s t  th e  ex is ten ce  of abso rp tion
b a n d s  p e rh a p s  n e a r  11,100 cm , ou ts id e  th e  ra n g e  of th e  p re s e n t
m easu rem en ts .  Two p e a k s ,  one at approx im ate ly  15,380 cm , v^, and
th e  o th e r  in th e  reg ion  19,230 -25,000 cm Î v^, a re  ev iden t in the
s p e c t ra  of all th e  bromide com plexes. A band  in th e  reg ion  of 15,380 cm
was p rev io u s ly  r e p o r te d  fo r  o th e r  p y r id in e  N-oxide c o p p e r ( I I )  bromide
com plexes in so lven ts  which have  a ir-electron accep ting  ab i l i ty ,  bu t not
113in so lv en ts  which do not have  an app rec iab le  i r - c h a ra c te r . The
band  a t 19,230 -25,000 cm” ^, v , has  a cons iderab le  in te n s i ty .  A similar
-192-
b an d  in th e  n e a r  u ltrav io le t  reg ion  has  also been  o b s e rv e d  in th e
s p e c t r a  of a n u m b er  of c o p p e r ( I I )  com plexes, and  has  been  var ious ly
a s c r ib e d  to a d -d  t r a n s i t i o n , a  ligand  t r a n s i t i o n , o r  a c h a rg e  
241t r a n s f e r .  T he varia tion  of th e  v isib le  ab so rp tio n  s p e c t r a  upon 
add ition  of th e  l igands  to  th e  c o p p e r ( I I )  bromide complexes of
4 -n i t ro  2-picoline N-oxide and  4 -n i t ro  2 ,6 - lu t id in e  N -oxide ind ica ted  
th e  g ra d u a l  formation of a peak  n e a r  12,350 cm j  a re la t iv e  d ec re ase  
in th e  in te n s i ty  of v^, and  a sh if t  of to lower w avenum bers ,  implying 
th e  formation of monomeric fo u r  coord ina te  specie s  as in th e  solid 
s ta t e  (F ig u re s  21 ,2 2 ).  The change  in th e  sp ec tru m  of C u B r 2 . ( 3 -C H 3
4 -N O 2 Py-NO ) upon ligand  add ition  was q u ite  d i f f e r e n t ,  no s ign of
- I
a b and  n e a r  12,350 cm a p p ea r in g  even at ligand  s a tu ra t io n .  The 
re la t iv e  d e c re a se  in th e  in te n s i ty  of v^, and  th e  sh if t in g  of to 
low er w avenum bers  in th e  sp ec tru m  of th e  l a t t e r  complex in a la rg e  
e x c e ss  of th e  ligand  most p ro b ab ly  is du e  to th e  formation of 1:1 dimeric 
sp ec ie s  as  in th e  solid s ta te  (F ig . 24).
3 .5 .4 .  Magnetic Data
The su sc ep t ib i l i ty  of the  complexes as a function  of te m p era tu re  
a p p e a r s  in Tab les  18 -  21. One can read i ly  see th a t  in the  se r ie s  
of com plexes CuXg.Lg (X = Cl, B r ) ,  only  th e  complex C uB rg . (2 ,6 -  
( 0 1 1 3 ) 2  4 -N O 2 P y -N O ) 2 (b row n) shows s subnorm al magnetic moment.
As ex p e c te d  from x - r a y  c ry s ta l lo g rap h ic  da ta  on CUCI2 . (2 ,6 -(C H 3 )%
3-NOg Py-NO )2 and  th e  re f lec tan ce  sp e c tra l  d a ta ,  all the  o th e r  
CuXg.Lg complexes a re  m agnetically  normal. The te m p era tu re  
dependence  of the  su sc e p tib i l ty  of the  C uB rg. ( 2 , 6 - (C H 3 ) 2 4 -N O 2 
Py-N O )2 (b row n) complex is e x t r a o rd in a ry .  As can  be seen 
(T ab le  20), th e  magnetic moment is low at room te m p e ra tu re  and  
rem ains  c o n s ta n t  w ithin ±0.05 u n i ts  down to 87.7 K. A p p a ren t ly ,  
in th is  complex th e  an tife rrom agne tic  sp in  coupling is a ffec ted  
by  way of the  ir-system of th e  he terocyclic  l ig an d ,  and  th e  co n s tan t  
m agnetic  moment as th e  te m p era tu re  d e c re a se s  is due to s ligh t 
ch a n g e s  in the  la ttice  which ch an g e s  Cu -  0% Cu -  O 3 bond d is ta n ces  
a n d / o r  some bond ang les  with a co n seq u en t change  in the  délo­
calisation  p ro p e r t ie s  of the  b r id g in g  ligand  to ju s t  com pensate
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Table  18
Magnetic S uscep tib i l i ty  Data fo r  
4 -N itro  2-Picoline N-Oxide C u (I I )  Halides
Diamagnetic Magnetic Magnetic
C orrec tion Temp. Suscep tib i l i ty moment
Compound X 10^ cgs K Xm«x 10^ cgs BM


























Magnetic S u scep tib i l i ty  Data for 
4 -N itro  3-Picoline N -Oxide C u (II )  Halides
Compound
Diamagnetic
C orrec tion Temp.
Magnetic
S uscep tib i l i ty
Magnetic
moment
X 10^ cgs K Xm* cgs BM








CuClg .Lg 202.06 87.8 4728.05 1.83





CuC%2 • 1j2 202.6 88.3 4656.46 1.82
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T able  20
Magnetic S u scep tib i l i ty  Data fo r






C orrec tion  
X 10  ^ cgs
S uscep tib il i ty  
Xm« X 1 0 6  cg s
moment
BM
CUCI2 « Lg 225.78 86.7 4400.61 1.75







CuBrg .Lg 248.18 83.7 1503.35 1 . 0 1
(D ark  b row n) 99 1276.35 1 . 0 1
132.5 959.30 1 . 0 1





CuBr% .Lg 248.18 87.7 4470.52 1.78
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Table 21 
Magnetic S uscep tib i l i ty  Data fo r  
3 -N itro  2 ,6 -L u tid in e  N-Oxide C u (II )  Halides
Diamagnetic Magnetic Magnetic
C orrec tion Temp. Susceptib ility Moment
Compound ,_6 X  10 cgs K XmiX 10^ cgs BM
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fo r  th e  ex p ec ted  d ec re ase  in the  m o m e n t . A  similar su p e re x c h a n g e  
mechanism o p e ra t in g  th ro u g h  b r id g in g  he terocyclic  l igands  is also 
p o s tu la te d  in a num ber of he terocyclic  diamine b r id g e d  c o p p e r ( I I )  
com plexes su ch  as  the  1 , 5 -n a p h th y r id in e  c o p p e r ( I I )  com plex,
C u ( N 0 3 ) 2 . nap  in which th e  C u -C u  sep a ra t io n  ( -  9 A)
is q u i te  la rg e .  In the  p re s e n t  complex th e  angle  O3 -  Cu -  B r 
is 90 .62°, while C u -C u ' d is ta n ce  is 9.007A, v e ry  close to the  value 
r e p o r te d  fo r  1 ,5 -n a p h ty r id in e  c o p p e r ( I I )  complex. The Cu-O^ 
bond  d is ta n ce  (2.689 A) and  Cu-Og d is tance  (3 .55 A) a re  la rg e r  
th a n  C u - 0  sem icoordination d is ta n c e s ,  th e re fo re  in th is  complex 
th e  spacia l d is t r ib u t io n  of th e  coo rd ina ted  atom s, and  the  d ihed ra l  
an g les  formed betw een th e  p lane of the  coo rd ina ted  atoms and  
th a t  de f ined  b y  the  p y r id in e  r in g  (97 .1°)  and  the  d ih ed ra l  angle 
be tw een  th e  n i t ro  g ro u p  and  th e  p y r id in e  r in g  a re  more im portan t 
in de te rm in ing  th e  e x te n t  of s u p e re x c h a n g e  by  v ir tu e  of overlap  
betw een  th e  c o p p e r  d o rb ita ls  and  the  N-oxide system  th an  the  
C u - 0  bond d is ta n c e s .
In  th e  se r ie s  of complexes C u X j . L  (X = Cl,  B r ) ,  the  
com plexes C uC lg . ( 3 -C H 3 4 -N O 2 Py-NO ) and  C u B rg . ( 3 -C H 3 4-N0% 
Py-NO ) rev ea led  te m p e ra tu re  d e p e n d e n t  subnorm al magnetic moments 
c h a ra c te r i s t ic  fo r  1:1 dimeric p y r id in e  N -oxide c o p p e r ( I I )  com plexes. 
The room te m p e ra tu re  magnetic moments of th e se  complexes (Table 
19) a re  v e ry  close to  th e  moments r e p o r te d  fo r  the  co rre sp o n d in g
4 -n i t ro p y r id in e  N -oxide complexes (Table  2) su g g e s t in g  th e  in ­
s ig n if ican t  co n tr ib u tio n  of th e  m ethyl g ro u p  at position 3 to the  
m agnetic moment. The lower magnetic moment of the  bromo complex
as  com pared to th e  chloro  complex is in acco rdance  with p rev ious  
r e s u l t s  on va r io u s  dimeric 1:1 c o m p l e x e s . T h e  d iffe rence  
in m agnetic moments of ch loro  an d  bromo complexes is much b ig g e r  
th a n  w hat would be ex p ec ted  from th e  d if fe ren ce  in s p in -o rb i t  
coupling  and  te m p e ra tu re  in d e p e n d e n t  param agnetism  between 
th e s e  com plexes. T h e re fo re ,  N ephelauxetic  e ffec ts  of the  chloride 
an d  bromide ions a re  a t  le as t  p a r t ly  re sp o n s ib le  fo r  the  o b se rv ed  
d if fe re n ce  in th e  magnetic moments of the  chloro  and  the  bromo 
com plexes. The g r e a t e r  covalency  in the  bonds of the  bromo
- 1 9 8 -
com plexes should  give sm aller magnetic moments fo r  th e  bromo 
com plex.
The m agnetic  p ro p e r t ie s  of CuCljCZ-CHj 4 -N O 2 Py-NO ) 
a re  in t e r e s t in g ,  because  , th is  is th e  only 1:1 C uClg.L  (L = 
s u b s t i tu t e d  p y r id in e  N -ox ide) com plex, r e p o r te d  so f a r ,  exh ib it ing  a 
normal m agnetic  moment. A n um ber  of n i t ro  s u b s t i tu te d  quinoline 
an d  m ethyl quinoline  N -oxides a re  also r e p o r te d  to  form 1:1 complexes 
with normal m agnetic  moments. A ccord ing ly , as  quinoline
N -oxide is a l igand  c o r re sp o n d in g  to a 2 ,3 -d i s u b s t i tu t e d  p y r id in e  
N -ox ide ,  it is ev id en t  th a t  th e  p re se n c e  of an e lec tro n -w ith d raw in g  
g ro u p  and  s te r ic  c row ding  at position 2 of th e  p y r id in e  r in g  a re  
re sp o n s ib le  fo r  th is  e f fe c t .  O th e r  ev id en ces  s u g g e s t in g  th a t  s te r ic  
fa c to rs  become more im portan t in th e  p re s e n c e  of a n i t ro  g roup  
a r e ;  1) th e  lack  of formation of 1:1 com plexes with 4 -n i t ro  and
3 -n i t ro  lu t id in e  N -o x id es ,  2) the  ex is ten ce  of m agnetically  s u b ­
normal 1:1 lu t id in e  N -oxide c o p p e r ( I I )  halide  com plexes, 3) O ur 
r e s u l t s  on c o p p e r  ace ta te  s u b s t i tu t e d  p y r id in e  N-oxide com plexes. 
T h u s ,  th e  s h o r t e r  N=0 bond d is tan ce  in th e  l ig an d s  con ta in ing  
a n i t ro  g ro u p ,  would imply a f u r t h e r  ap p ro a c h  of the  methyl 
g ro u p  to th e  c o p p e r  ions .  T h is  s te r ic  in te rac t io n  is expec ted  
to be s t r o n g e r  in th e  dimeric 1:1 complexes th a n  in monomeric 
N -oxide com plexes , b ecau se  th e  r e p o r te d  C u-O -C u  bond angle 
is  app rox im ate ly  108° and  th e  Cu-O -N  bond angle  is approx im ate ly  
123.5° in th e  dimeric 1:1 c o p p e r ( I I )  halide com plexes.
T h e re fo re  a d i -  o r  polymeric s t r u c t u r e  with ch lo ride  b r id g e s  would
accoun t fo r  th e  m agnetic p ro p e r t ie s  of CUCI2 . (2-CHg 4 -N O 2 P y -
244NO) s ince  Willett and  co -w o rk e rs  have  po in ted  out th a t  b i-  
n u c le a r  e n t i t ie s  formed by  b r id g in g  co p p e r  ions with ch loride  ions 
do not te n d  to  be d iam agnetic .
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3 . 5 . 5 .  E . S . R .  R esults
X -band  e . s . r .  sp e c t ra  of po lycrys ta ll ine  samples were 
r e c o rd e d  at room tem p era tu re  (Table 22) and at te m p e ra tu re s  
in th e  ra n g e  of 98-115K. The pow der sp e c tra  of the  complexes 
C u C l; .  ( 3 -C H 3 4 -N O 2 Py-NO) and C uB r2 .(3 -C H 3 4 -N O 2 Py-NO) 
w ere  v e ry  inform ative in th a t  th e y  showed a tran s i t io n  at "half­
field" confirm ing the  an tiferrom agne tic  dimeric n a tu re  of th e se  
com plexes. The sp ec tra  of some complexes w ere v e ry  complicated 
and  d iff icu lt to i n t e r p r e t .  The s p e c tra  of the  complexes in 
methanol were also re c o rd e d .  The solid solution s p e c tra  of the  
complexes were all similar, showing h y p e rf in e  sp lit t ing  in each 
case  (Table 23) .
S p e c t ra  of Po lycrys ta ll ine  1 ; 1 Complexes 
CuBr 2 . ( 3 - CH3 4 - NO 2 Py-NO)
The e . s . r .  s p e c tra  of a pow dered sample reco rd ed  at 
room te m p e ra tu re  and  at 98K a re  shown in Fig. 25 t rac in g  A 
and  B re sp e c t iv e ly .  The room te m p era tu re  spec trum  exh ib its  
an th e  minimum position of abso rp tion  in the  spec trum
of sp in -co u p led  Cu( I I )  d im ers .  This is to be expec ted  from 
a dimeric e lec tron ic  system  in te rac t in g  sim ultaneously  with the  
two co p p e r  nuclei each with a n u c lea r  spin 3/2.  This resonance  
at "half-fie ld"  is a formally fo rb idden  tran s i t io n  co rresp o n d in g  
to AMg = ±2 which takes  place betw een |1 -1> and  (1 1> t r ip le t  
levels and  is expec ted  not to show any  zero-fie ld  sp l i t t in g .
I t  should  be n o te d ,  how ever,  th a t  th e  in te n s i ty  of the  A Mg = ±2 
t ra n s i t io n  does depend  in second o rd e r  on the  zero-fie ld  sp l i t t in g .  
In th e  p r e s e n t  case  the  in te n s i ty  of th is  t ran s i t io n  is approxim ate ly  
0.05 times th a t  of th e  AMg = ±1 t ra n s i t io n .  Finally , it should  
be noted th a t  in an exchange-coup led  Cu( I I )  dimer, the  co p p er
233
h y p e r f in e  spac ing  is half  th a t  of the  analogous C u ( I I ) monomer.
At leas t  n ine co p p er  h y p e r f in e  l ines ,  ran g in g  in spacing  from 
65 to 90G,  with an av e ra g e  of 75G a re  d isce rn ib le .  A p a t te rn  
of n ine h y p e r f in e  lines re s u l t s  from an overlapp ing  of two seven  
line p a t te r n s  if th e  zero-fie ld  sp lit t ing  in th is  ( g ) signal is equal
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F ig . 25. E . s . r .  S p e c t ra  of po ly c ry s ta l l in e  C u B rg . ( 3 -C H 3 4-NOg P y-N O ). 
T rac in g  A, a t  ro o m -tem p era tu re .
T rac in g  B, a t  98K.
■202-
I (» 2A II ( Cu )
The "fu ll-fie ld"  A Mg = ±1 resonance  can also be in te rp re te d  
as o r ig in a tin g  in the  t r ip le t  s ta te  in species  with axial sym m etry .
The o rig in  of th is  b road  and  s t r u c tu re le s s  band with a peak 
to peak  lin e -w id th  of AHpp = 600G is p robab ly  re s u l t s  from two 
ex trem e p e rp e n d ic u la r  b a n d s ,  low and  h igh  field , which re su l t  
in a coalesced ty p e  of "fu ll-f ie ld"  sp ec tru m . A (g )  value
of about 2.152 can be ob ta ined  from the  cen tra l  point of in flection .
At 98K, th e  in te n s i ty  of the  AMg = ±1 tran s i t io n  is v e ry  
much r e d u c e d ,  while the  AMg = ± 2 t ran s i t io n  is not o b se rv ed  
at all. This  s ign if ican t varia tion  in the  in te n s i ty  is due  to iso tropic
e x c h a n g e  in te rac t io n  and  implies a la rge  positive J value , w here
233J >> h . The te m p e ra tu re  depen d en ce  of the e . s . r .  spec trum  
and  the  p red ic t io n  of a la rg e  positive  J value a re  co n s is te n t  with 
the  magnetic m easurem ent r e s u l t s  which ind ica ted  a g ro u n d  s ta te  
s ing le t s e p a ra te d  from a tr ip le t  s ta te  by J  e n e rg y  u n i t s .
C uC lz .(3 -C H 3 4 -N O 2 Py-NO)
The ro o m -tem p era tu re  e . s . r .  spec trum  of th is  complex 
is similar to th e  sp ec tru m  of th e  c o r re sp o n d in g  bromide complex; 
ho w ev er ,  the  in te n s i ty  of the  A Mg = -2 t ran s i t io n  at g = 4.416 
is sm aller and  no h y p e r f in e  lines a re  o b se rv e d .  This is p robab ly  
the  re s u l t  of a smaller zero -f ie ld  sp li t t in g  and is in agreem ent with a 
peak  to peak l ine-w id th  of 460G in the  AMg = ±1 tra n s i t io n ,  which is 
sm aller than  th a t  o b se rv ed  in the  spec trum  of C u B rg . ( 3 -C H 3 4 -N O 2 Py-NO) 
com plex. The smaller l ine -w id th  in the  AMg = ±1 t r a n s i t io n ,  c e n te re d  
at g = 2 .12 , means th a t  the  two ex trem e p e rp e n d ic u la r  b ands  in the  
t r ip le t  sp ec tru m  a re  v e ry  close to each o th e r ,  th u s  ind icating  th a t  the  
an iso trop ic  com ponents  of the  exchange  in terac tion  almost van ish  in 
th is  complex. At 98K the  in ten s i ty  of the  AMg = ±1 tran s i t io n  was 
w eaker while the  AMg = ±2 tran s i t io n  could not be o b se rv e d .
It shou ld  be no ted  tha t the  in ten s i ty  of the  A Mg = ±1 
t ra n s i t io n  at the  two te m p e ra tu re s  was much s t ro n g e r  in the
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s p e c t r a  of th is  complex than  in the  s p e c tra  of the  co r re sp o n d in g  
brom ide complex. The re la t ive ly  s t r o n g e r  in te n s i ty  of the  AMs = ±1 
t r a n s i t io n  in th e  s p e c t r a  of the  ch loride  complex is in ag reem en t 
w ith th e  magnetic m easurem ent r e s u l t s  which ind ica ted  a la rg e r  
m agnetic  moment fo r  th is  complex.
C uC l2 .(2-C H 3 4 -N O 2 Py-NO)
The ro o m -tem p era tu re  e . s . r .  spec trum  of th is  complex 
co n s is ts  of one b road  re so n a n c e ,  with a (g )  value of 2.11 at 
th e  point of inflection of the  d e r iv a t iv e  sp ec tru m . As p red ic ted  
by  th e  magnetic m easurem ent s tu d ie s ,  the  spec trum  of th is  complex 
is e s sen tia l ly  th e  same a t 98K, with th e re  being  no s ign if ican t 
im provem ent in reso lu t ion  o r  s ign if ican t line narrow ing  a t  lower 
te m p e ra tu re s .  The peak  to peak  l in e -w id th ,  AHpp is approx im ate ly  
300G ind ica ting  th e  p re se n c e  of exchange  in te rac t io n  (F ig . 26).
The lack  of zero -f ie ld  s p l i t t in g ,  th e  in s e n s i t iv i ty  to te m p e ra tu re ,  
an d  th e  ab sen ce  of th e  s p e c t r a  of th is  complex a re
co n s is te n t  with a ch loride  b r id g e d  sy s tem , r a t h e r  th a n  a b r id g ed  
N -oxide d im er.
S p e c t ra  of P o lycrys ta ll ine  1:2 Complexes
The ro o m -tem p era tu re  e . s . r .  s p e c t r a  of th e se  complexes showed 
e i th e r  axial o r  rhombic s p e c t r a  with lowest (g )  values  > 2 .04 . The 
o b se rv a t io n  of lowest (g )  va lues  g r e a t e r  th a n  2.04 is in ag reem en t 
with o u r  c ry s ta l lo g ra p h ic  an d  re f le c tan c e  s p e c tra l  r e s u l t s  which 
su g g e s te d  th a t  th e  1:2 complexes of 4 -n i t ro  2-picoline N -oxide,
4 -n i t ro  2 ,6 - lu t id in e  N -oxide an d  3 -n i t ro  2 ,6 - lu t id in e  N -oxide have  
approx im ate  rhombic s q u a re -c o p la n a r  g e o m e t r i e s . T h e  re la t ive ly  
h ig h e r  g^ value in the  sp ec tru m  of th e  yellow isomer of CuCl^.
( 3 -C H 3 4 -N O 2 P y -N O ) 2 complex s u g g e s ts  a te t r a h e d ra l  s t r u c t u r e  
fo r  th is  c o m p l e x . N o  def in ite  ass ignm ent could be made fo r  
th e  o ran g e  isomer.
T he s p e c t r a  o f  p o ly c r y s ta l l in e  sam p les  o f  C u B r 2 . ( 2 -C H 3
-204-
4.84.33.83.32 . 82.31 . 81.3 H(kG)
F ig . 26. X -band  e . s . r .  sp ec tru m  of po lyc rys ta ll ine  sample of 
C uC l2 .(2 -C H 3 4 -N O 2 P y -N O ).
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4 -N 0 2  P y -N 0 ) 2 , CUCI2 . ( 2 -C H 3 4 -N O 2 P y -N 0 ) 2 , C uC l2 . ( 3 -C H 3 
4 -N O 2 P y -N 0 ) 2  (yellow and  o r a n g e ) ,  and  C u B r 2 . ( 2 , 6 - (C H 3 ) j  
4 -N O 2 P y -N O ) 2  did not dep en d  upon the  te m p e ra tu re s  of 
o b se rv a t io n  down to  ca .  98K, th e  lowest em p era tu re  used  in 
th is  w ork .
The sp ec tru m  of C u C l j . ( 2 , 0-CCHj ) 2  3 -N O 2 P y -N 0 ) 2  at 
105K showed th r e e  g va lues  a t  g^ = 2.035, g^ = 2 .06 , and  g^ = 2.26 
in d ica tin g  a p h ase  t ra n s i t io n .  This ty p e  of change  in th e  e . s . r .  
s p ec tru m  a t  lower te m p e ra tu re s  could h appen  when J a h n -T e l le r  
d is to r t io n s  a re  f rozen  o u t.^^ ^  The low te m p e ra tu re  spec trum  
would indicate th a t  th e  ass ignm en t of rhombic s q u a re -c o p la n a r  
s te re o c h e m is t ry ,  as s u g g e s te d  by  th e  x - r a y  c ry s ta l lo g ra p h ic  d a ta ,  
is more a p p ro p r ia te  fo r  th is  complex.
The pow der s p e c tra  of CUCI2 . ( 2 , 6 - (C H 3 ) 2  4 -N O 2 P y -N O ) 2 
an d  C u B r j .  ( 2 , 6 - (C H 3 ) 2  4 -N O 2 P y -N O ) 2 (g re e n )  a re  complicated 
an d  d iff icu lt  to i n t e r p r e t .  T en ta t iv e  a ss ignm en ts  of th e  g te n so rs  
w ere made as  shown in f ig u re s  27,28. The values  of lowest 
g t e n s o r s  in th e  s p e c t r a  of th e  two complexes a re  g r e a te r  than  
2 .04 ,  ind ica ting  th a t  th e  c e n t ra l  metal ion, th e  two ch loride  ions 
and  th e  two o x y g en s  of th e  ligands  lie in one p lane .  Two s h a r p ,  
an d  re la t iv e ly  in te n se  p e a k s ,  w ith two b road  and  le ss  in ten se  
p eak s  on e i th e r  s id e ,  a p p e a r  in th e  lower field reg io n s  of the  
ro o m -tem p era tu re  s p e c t r a .   ^T hese  ty p e s  of s p e c tra  may a r is e  i f - 
th e  complexes formed h ave  rhombic s q u a re -c o p la n a r  sym m etry  
w ith  s l ig h t  misalignment of th e  p r inc ipa l a x e s ,  b eca u se ,  both  
rhombic s q u a re -c o p la n a r  complexes an d  complexes hav ing  misaligned 
p r in c ip a l  axes  give r is e  to rhombic e . s . r .  s p e c t r a .  This ass ignm ent 
is s u p p o r te d  by  th e  s im ilarity  of th e  re f lec tan ce  s p e c tra  of th e se  
com plexes to  th e  sp ec tru m  of CuClz. ( 2 , 6 - (C H 3 ) 2  3 -N O 2 P y -N 0 ) 2  
w hose s t r u c t u r e  was de term ined  by  x - r a y  c ry s ta l lo g ra p h y .
At 115K th e  s p e c t r a  o f  b o th  c o m p lex e s  show  s ig n i f ic a n t
-2 0 6 -
2 .9 3.1 3 .3
Fig . 27.
H(kG)
E .S .R .  S p e c tra  of P o lycrys ta ll ine  CuBr^ . (2 ,6 -(C H 3 )% 
4 -N O 2 P y -N 0 )2  ( g r e e n ) .  T rac ing  A, at room- 
te m p e ra tu re .  T rac ing  B, at 115K.
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3.5.4.3 33.2 33.13.02.92 . 8.7
H(kG)
Fig . 28. E .S .R .  s p e c tra  of p o lyc rys ta ll ine  CuClz. (2 ,6 -(C H 3)z  
4-N O 2 P y -N O ). T rac ing  A, at ro o m -tem p era tu re .  
T rac in g  B, a t 115K.
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c h a n g e s .  In th e  sp ec tru m  of C u B r j . (2 ,6-(CH 3 ) j  4 -N O 2 P y -N O ); 
th e  position of th e  peak  a t  the  h ig h e s t  field is u n a f fe c te d ,  the  
c o r re s p o n d in g  peak  in the  spec trum  of C uC l; .  (2 ,6 -(C H 3)2  4-NO; 
P y -N O ) 2 is almost sp lit  into th re e  com ponents . Four and  six  peaks  
r e s p e c t iv e ly ,  a re  consp icuous  in the  s p e c tra  of th e se  complexes 
in th e  lower field reg io n ,  p ro b ab ly  re su l t in g  from the  s u p e r ­
imposition rhombic s p e c t r a .  T h e re fo re ,  a t room te m p e ra tu re ,  
as  conseq u en ce  of dynamic J a h n -T e l le r  e ffec ts  the  s p e c tra  a re  
almost rhom bic , th e  rhombic com ponents a r is ing  p ro b ab ly  due 
to  th e  misalignment of th e  p r inc ipa l a x e s ,  w hereas  at 114K, p ro b ab ly  
as  a co n seq u en ce  of a p h ase  t ra n s i t io n ,  th e  J a h n -T e l le r  d is to r t io n s  
a re  f rozen  ou t g iv ing  r is e  to sev e ra l  magnetically  no n -eq u iv a len t  
m olecules.
Solution S p e c tra  in Methanol
R oom -tem pera tu re  e . s . r .  s p e c t ra  of methanol so lutions 
of th e s e  com plexes looked r a t h e r  d if fe re n t  from those  obta ined  
from th e  pow dered  sam ples, showing only a b road  line w ithout 
a n y  h y p e r f in e  s t r u c t u r e .  At 250K, the  s p e c tra  also showed the  
a v e ra g e  h y p e r f in e  s p l i t t in g ,  A^y (T able  23). The reason  fo r  th is  
is th a t  a t  re la t iv e ly  h igh  te m p e ra tu re s  molecules ro ta te  so fa s t  
th a t  th e  an iso trop ic  coup lings  a re  a v e ra g ed  ou t and  only the  
iso trop ic  ones  rem ain . T h u s ,  in s tead  of giving information on 
b o th  g II an d  gj^ , th e se  s p e c t r a  give only th e i r  av e rag e  
g a v .=  (g x  + gy  + g z ) /3 ,  o r  in th e  axial c ase ,  g^y = (gy + 2g^)/3  
S im ilarly , th e  h y p e r f in e  coupling is Aav. = (Ax + Ay + A z)/3  o r  
(A II + 2Aj^)/3.
The s p e c t r a  of th e  frozen  so lutions cons is t  of fo u r  b road  
h y p e r f in e  lines in th e  low field and  a broad  line in the  h igh  field 
r e g io n .  The overa ll  s p e c t r a  w ere found to be axially  symmetric 
w ith  g II r a n g in g  from 2.415 to 2.459 and  Ay ra n g in g  from 109G 
to 117G. The va lues  of g^y . calcu la ted  us ing  th e  re la tionsh ip  
gav ” (g II + 2gj^)/3 a re  v e ry  close to the  values obta ined  from 
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of th e  complexes a re  the  same a t  both  te m p e ra tu re s .  The g |j 
va lues  ob ta ined  from the  frozen  solution s p e c tra  a re  r a th e r  h igh 
and  the  Ay values  a re  r a th e r  small su g g e s t in g  the  p re sen ce  of 
te t r a h e d r a l  com plexes, b eca u se ,  small values  of h y p e r f in e  sp li t t in g  
an d  h igh  va lues  of g y a re  re la ted  to the  mixing of 3d-4p  o rb ita ls  
in t e t r a h e d ra l  sym m etry
3 .5 .6 .  In f r a r e d  S p ec tra
The en e rg ie s  of th e  N -0  s t re tc h in g  v ib ra t io n s  a re  detailed  
in Table 24. In  ag reem en t with Kida e t al.^^^ the  N -0  s t r e tc h in g  
v ib ra t ion  sh if ts  to  lower f re q u e n c y  on coordination due  to a d e c re ase  
in th e  double bond c h a ra c te r  of N -0 .  Sp lit ting  of th e  N -0  f re q u e n c y  
h as  been  seen  fo r  C u B r j .L j  w here  L = p y r id in e  N -oxide and
4-picoline N -oxide and  has  been  d esc r ib e d  as being due  to two 
d iss im ilar  c o p p e r -o x y g e n  b o n d s ,  one involving C u-O -C u  b r id g e s  
(as  in th e  1:1 complex) and  th e  o th e r  involv ing  a less  t ig h t ly  bound 
N -0  bond in th e  f i r s t  coord ina tion  s p h e re .  However, as can be 
seen  from Table 24 and  F ig u re s  29, 30, in th e  case  of n i t ro  s u b s t i ­
tu t io n  th e re  a re  multiple N -0  f req u en c ie s  before  coord ina tion . Even 
th o u g h  th e se  th e se  f re q u e n c ie s  a re  d ec re ase d  on coord ina tion , it 
does no t n e c e ssa r i ly  follow th a t  th e re  a re  d issim ilar C u -0  b o n d s .
The N -0  d o u b le -bond  c h a ra c te r  in th e  1:1 complexes is
ex p ec ted  to  be smaller th a n  th a t  in th e  1:1 complexes with a normal
m agnetic moment. This  is because  a la rg e r  e lec tron  donation from
th e  N -0  g ro u p  is n e c e s s a ry  fo r  b r id g in g  th a n  fo r  forming a
sing le  coord ina tion  bond .  C o n tra ry  to th e  expec ta t ions  th e  ab so rp tion
e n e rg ie s  of th e  N -0  s t r e tc h in g  v ib ra t ion  of th e  1:1 complexes
of 4 -n i t ro  3-picoline N-oxide w ere h ig h e r  than  th e  values fo r  the
1:2 monomeric com plexes. Shindo po in ted  ou t th a t  th e  N -0  s t re tc h in g
fre q u e n c ie s  in th e  majority of 3 - s u b s t i tu te d  p y r id in e  N -oxides contain
48a fa ir  amount of f req u en c ie s  o th e r  th a n  th a t  of v^-O » The N -0
s t r e t c h in g  f re q u e n c y  of p y r id in e  N -ox ides ,  sh if ts  to the  lower wave- 
n u m b er  s ide  by  20 -  40cm"^ on addition  of m ethanol, while those  of
3-m ethyl d e r iv a t iv e s ,  give a sh if t  of v^_Q to the  lower w avenum ber 
reg ion  of less  th a n  15cm” ^. This  fact has been a sc r ib e d  to the
211
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p art ic ip a t io n  of modes o th e r  than  the  N -0  s t re tc h in g  in the  la t te r  
com pounds. A no ther  indication th a t  the  N -0  s t r e tc h in g  v ib ra t ion  
in 3 - s u b s t i tu t e d  p y r id in e  N -oxides is s t ro n g ly  coupled with o th e r  
v ib ra t io n a l  modes is the  fact th a t  the  N -0  s t re tc h in g  freq u en c ie s  
in 3-m ethyl and  3 ,5 -d im ethy l d e r iv a t iv e s  a re  sh if ted  to by  20 and  
53cm tow ards  h ig h e r  w avenum bers  th a n  in p y r id in e  N -ox ide. Such 
a b eh av io u r  of 3 -m ethy la ted  d e r iv a t iv e s  is in co n s is ten t  with the  
e le c tro n -d o n a t in g  n a tu re  of th e  methyl g ro u p .  Ulkü et_ have
po in ted  ou t th a t  th e  N -0  bond le n g th  ch an g es  v e ry  li ttle  when 
p y r id in e  N -oxides become ligands  in complexes and  s u p p o r t  the  
su g g e s t io n  of Blom, Penfold and  Robinson th a t  the  accompanying 
in f r a re d  f re q u e n c y  sh if ts  may be due more to the  o r ien ta tion  of
248th e  aromatic r in g  th a n  to th e  e lec tron ic  n a tu re  of th e  N -0  bond .  
A ccord ing ly  as  no " tru e"  N -0  s t r e tc h in g  f req u en c ie s  a re  expec ted  
in th e  in f r a re d  s p e c t r a  of 4 -n i t ro  3-picoline N -oxide and  its  com plexes, 
an d  since  th e  l igands  h ave  d if fe re n t  o r ien ta t io n s  in th e  var io u s  
com plexes , no re liab le  conclusion conce rn ing  th e  n a tu re  of th e se  
complexes could be d e r iv e d  from in f ra re d  d a ta .  However magnetic 
m easurem en ts  and  e . s . r .  d a ta  w ere enough  to a ss ig n  a dimeric, oxygen  
b r id g e d  s t r u c t u r e  to  the  1:1 complexes and  a monomeric s t r u c tu r e  
to th e  1:2 com plexes. I t  should  be no ted  th a t  th e  N -0  s t re tc h in g  
f re q u e n c ie s  in th e  spec trum  of C u B rg . (2 ,6 -(C H 3)g  4 -N O 2 Py-NO)^ 
(b row n) h ave  sh if te d  to lower w avenum bers by  am ounts almost equal 
to  th o se  o b s e rv e d  in o th e r  1:2 complexes of 4 -n i t ro  2-picoline N -oxide 
and  4 -n i t ro  2 ,6 - lu t id in e  N -oxide. This  was u n ex p e c te d  on the  basis  
of th e  long C u -0  bond  le n g th .  T h e re fo re ,  in th e  ab sence  of 3- 
s u b s t i tu e n ts  in th e  l ig an d ,  it  seems th a t  the  o r ien ta tion  of the  
r in g  an d  th e  in te rac t io n  of n i t ro -o x y g e n  with co p p e r  ion a re  re s p o n ­
sible in de te rm in ing  th e  amount of sh if t  in N -0  s t r e tc h in g  f re q u e n c ie s .
The valence v ib ra t io n s  of th e  -C-NOg g ro u p  a p p e a r  to  be 
also a f fec ted  b y  coordina tion  since th e  co rresponding  s t re tc h in g  
f re q u e n c ie s  a re  sh if ted  to h ig h e r  o r  lower w avenum bers  on complex 
formation (T able  25). a -co o rd in a tio n  of th e  N-oxide oxygen  would 
d ra in  c h a rg e  from th e  r in g  (via th e  ir-system ) and  weaken th e  C-N 0% 
b o n d ,  similarly metal to l igand  tt- back -b o n d in g  will r e d u ce  i ts  s t r e n g t h .  
H ow ever, h y d ro g e n  bonding  of n i t ro -o x y g en s  o r  in te rac t ion  of
215-
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th e se  o x y g en s  with a n e ig h b o u rin g  metal ion will enhance  th e  double 
bond c h a r a c te r  in -C -N O 2 . Since only in the  sp e c tra  of C u B r ; . ( 2 -C H 3 
4 -N O 2 Py-N0>2 and  th e  complexes of 3 -n i t ro  2 ,6 - lu t id in e  N-oxide do 
th e  -C -N O 2 s t r e t c h in g  v ib ra t io n s  a p p e a r  e i th e r  in th e i r  usual place 
o r  a re  sh if te d  to lower w avenum bers ,  it seems th a t  th e  n i t ro -o x y g e n s  
in all o th e r  complexes a re  e i th e r  h y d ro g e n  bonded to  methyl g ro u p s  
o r  in te ra c t  w ith a n e ig h b o u rin g  co p p e r  ion.
0. +
(X = Cu o r  H)
(XVII)
F a r - I n f r a r e d  S p e c t ra
The f a r - in f r a r e d  s p e c tra l  d a ta  p ro v id ed  s u p p o r t  fo r  the  
s u g g e s t io n s  made on th e  bas is  of o th e r  s p e c tra l  da ta  and  revea led  
th a t  th e  s t r u c t u r e  of CUCI2 . (S-CH^ 4 -N O 2 P y -N 0 ) 2  (o range  isomer) 
is t r a n s  o c tah ed ra l  w ith halide b r id g in g .  In  th is  d iscuss ion  the  
te rm s  " term inal"  and  "b r id g in g "  a re  u sed  only  in a re la tive  sen se .
For o u r  p u rp o s e s  a term inal halogen  atom is defined  as one which 
is d i re c t ly  bonded  in th e  monomeric 1:2 complexes o r  bonded to a 
c o p p e r  ion when th e  b in u c lea r  oxygen  b r id g e d  species  is known to 
be p r e s e n t ,  an d  a b r id g in g  halide  ion as one which is b r idg ing  
two co p p e r  ions to  form a dimeric o r  polymeric molecule. Two d is t in c t  
ty p e s  of b r id g in g  halogen atoms may be e n v isag e d ;  f i r s t ly ,  those  
which a re  sym m etrically  d isposed  betw een th e  two co p p e r  atoms giving 
equa l bond le n g th s  and  seco n d ly ,  th o se  which a re  unsym m etric g iving 
to  one s h o r t  and  one long co p p e r-h a l id e  bond d is ta n ce .
P r e v io u s  fa r - in f r a r e d  s p e c tr a l  s t u d ie s  on c o p p e r ( I I )  ch lo r id e
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com plexes of p y r id in e  N -oxides ind ica te  th a t  term inal m etal-ch lorine  
f re q u e n c ie s  in th e  s p e c tra  of 1 : 1  b in u c lea r  complexes occu r  in the  
ra n g e  of 344 -  302cm and  th a t  th e  g reen  1 : 2  complexes exh ib it  
metal ch lorine  s t r e tc h in g  f req u en c ie s  a t  s l igh tly  h ig h e r  values w hereas  
th e  yellow isom ers a b s o rb  a t  lower f r e q u e n c i e s C o m p a r i s o n  of th e  
s p e c t r a  of the  c o p p e r  ch loride  complexes with those  of th e  brom ides 
and  th e  f re e  l ig an d s  fac ilita ted  th e  ass ignm ent of th e  in f ra re d  ac tive  
c o p p e r-c h lo r in e  s t r e tc h in g  f re q u e n c ie s .  A lthough maxima were o b se rv ed  
with all l ig an d s  in th e  200 -  500cm  ^ reg io n ,  the  b an d s  which have  
been  a ss ig n ed  to  m eta l-ch lo rine  v ib ra t ional modes a re  genera lly  more 
in te n s e .
I t  is  s u g g e s te d  th a t  in the  p re sen ce  of similar s t r u c tu r a l  
spec ies  th e  m etal-brom ine stre tch ing  freq u en c ie s  can be estim ated 
from th e  re la t io n sh ip  v (M -B r)/v (M -C l)  = 0 .75, a m etal-ch lorine 
s t r e tc h in g  f r e q u e n c y  of 340cm  ^ would co rre sp o n d  with a metal- 
halogen  ab so rp t io n  a t  ca . 255cm in th e  co r resp o n d in g  bromide 
complex.
Maxima a s s ig n e d  as m etal-ch lorine  and  metal-brom ine 
s t r e t c h in g  v ib ra t io n s  of th e  complexes a re  summarised in Table 26.
The s t r u c t u r e  of the  1:1 complex of p y r id in e  N -oxide is known to 
con ta in  co p p e r-c h lo r in e  bonds  which do not in te ra c t  with an y  n e ig h ­
b o u r in g  c o p p e r  atom s, and  th u s  th e se  a re  term inal in c h a ra c te r .
The f a r - in f r a r e d  spec trum  of th is  complex shows maxima a t 311 (v s )  
an d  330cm ^ (w ,s h )  which a re  a t t r ib u te d  to c o p p e r-ch lo r in e  s t r e tc h in g  
f re q u e n c ie s .  T h u s  fo r  th e  4 -n i t ro  3-picoline N-oxide complex, it 
may be in fe r r e d  th a t  th e  o b se rv a tio n  of m etal-ch lorine  s t re tc h in g  
v ib ra t io n s  a t  310(v s )  and  335cm ^ (w ,s h )  ind ica tes  th e  p re sen ce  of 
te rm inal m eta l-ch lorine  bonds  and  hence  an oxygen  b r id g ed  
s t r u c t u r e  (F ig . 31). The copper-b rom ine  s t r e tc h in g  frequenc ies  
a re  also co n s is te n t  with an oxygen  b r id g ed  s t r u c t u r e  in C u B rg .
( 3 -C H 3 4 -N O 2 Py-NO ) (f ig .  31). In the  spec trum  of th e  complex 
CuClz . ( 2 -C H 3 4 -N O 2 Py-NO) (w ith  normal magnetic moment) the  
maxima o b s e rv e d  a t  ca . 315 and  295cm  ^ a re  a ss ig n ed  as b r id g in g  
m eta l-ch lo rine  s t r e tc h in g  f re q u e n c ie s ,  because , fo r  oxygen  b r id g in g ,  
much h ig h e r  f req u en c ie s  a re  exp ec ted ;  m oreover, the  s te r ic  h in d ra n c e
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F ig .  31. F a r - in f r a r e d  s p e c t r a  of A, CuC lg . (S-CH^ 4 -N O 2 Py -N O );
B, C u B r 2 . ( 3 -C H 3 4 -N O 2 Py-NO ) re c o rd e d  as nujol mulls,
- 2 2 0 -
of th e  m ethyl g ro u p  a t  pos ition -2  would block the  axial position of 
th e  metal ion and  h in d e r  in te ra c t io n  of th e  ch lo ride  ion with a 
n e ig h b o u r in g  c o p p e r  ion (F ig .  32).
The 1:2 c o p p e r ( I I )  ch lo ride  com plexes of 4 -n i t ro  2-picoline 
N -o x id e ,  4 -N itro  2 ,6 - lu t id in e  N -oxide and  3 -n i t ro  2 ,6 - lu t id in e  N -oxide 
show f re q u e n c ie s  of sim ilar o r d e r  to  th o se  found  in th e  g reen  complexes 
of p y r id in e  N -ox ide . As e x p e c te d  from th e  s te r ic  re q u ire m e n ts  of 
th e s e  l ig a n d s ,  no ind ica tion  of b r id g in g  is o b s e rv e d  in th e  s p e c tr a  
of th e s e  com plexes . The co p p e r -b ro m in e  a b so rp t io n s  in th e  s p e c tr a  
of th e  c o r re sp o n d in g  brom ide com plexes fall in th e  ra n g e  270 -  280cm7^ 
h ig h e r  th a n  w hat was es tim ated  from c o p p e r -c h lo r in e  v ib ra t io n s .  This 
s ligh ly  h ig h e r  value  is p ro b a b ly  d u e  to  a s t r o n g e r  covalen t c h a ra c te r  
in th e s e  b o n d s  a s  p re d ic te d  from re f le c ta n c e  s p e c tra l  r e s u l t s .
T he  yellow complex C uC lg . (3-CHa 4 -N O 2 P y -N O ) 2 shows 
c o p p e r -c h lo r in e  s t r e t c h in g  f re q u e n c ie s  a t  ca .  315 cm ^ (f ig .  33). This  
v a lue  is lower t h a n  th o se  o b s e rv e d  in th e  c o r re sp o n d in g  1:1 complex, 
a n d  th e re fo r e  is  due  to  a complex h a v in g  a s t r u c t u r e  midway 
be tw een  s q u a r e - p la n a r  and  t e t r a h e d r a l  s t r u c t u r e . The c o p p e r-c h lo r in e  
s t r e t c h in g  f req u en c ie s  in th e  o ra n g e  isom er a re  even  low er, a t  ca . 295 and  
225cm (F ig .  32).  T h ese  f r e q u e n c ie s  a re  in th e  ra n g e  assoc ia ted  with 
b r id g in g  c o p p e r -c h lo r in e  b o n d s  in polym eric ch loride  b r id g e d  
com plexes . A cco rd in g ly ,  an o c ta h e d ra l  po lym eric , ch lo ride  
b r id g e d  s t r u c t u r e ,  w ith  two long a n d  two s h o r t  co p p e r-c h lo r in e  
b o n d s  could  be a s s ig n e d  to th is  complex.
S p e c t ra  of all th e  com plexes ex h ib it  add itional re la t iv e ly
in te n s e  a b s o rp t io n s  in th e  r a n g e  375 -  500cm . The f re q u e n c ie s
of th e s e  b a n d s  fall in th e  r a n g e  p re v io u s ly  a ss ig n e d  to c o p p e r -
o x y g en  s t r e t c h in g  f re q u e n c ie s  in c o p p e r ( I I )  halide complexes of
203p y r id in e  N -o x id es .  In  some case s  th e  s p e c t r a  of th e  l igands  
a lso  showed b a n d s  in th e  same reg ion  an d  th e  b a n d s  assoc ia ted  with 
c o p p e r -o x y g e n  s te tc h in g  f r e q u e n c ie s  could no t be a s s ig n e d .  The 
b an d  positions  a re  sum m arized in Table 26. The num erical va lues  of 
th e  m e ta l-oxygen  s t r e t c h in g  f re q u e n c ie s  c learly  ind ica te  th a t  th e  1:2 
com plexes hav ing  a t r a n s  p la n a r  s t r u c t u r e  a b s o rb  a t  h ig h e r  f re q u e n c ie s  
th a n  th e  yellow complex CUCI2 . (3-CHa 4 -N O 2 P y - N 0 ) 2 . This  is b e c a u se .
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Fig .  33. Far - in frared  sp e c tr a  of  A, 4 -n it ro  3-pico l ine N -ox ide  B,  
CuClg.  (3-CHa 4-NOz P y - N O );  ( o r a n g e ) ;  C,  CuCl; .  
( 3- C H 3 4 -N O ;  P y - N O ) ;  (yel low)  recorded  as  nujol mulls .
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metal to l igand  ir-back bond ing  in th e  t r a n s  complexes would 
s t r e n g th e n  th e  c o p p e r -o x y g e n  b o n d s .
3 .5 .7 .  C onfigu ra tion  of th e  Complexes
The s t r u c t u r e  of th e  com plexes C u C l; .  ( 2 , 6 - (C H 3 ) ;  3-NO; P y -N O );  
an d  C u B r ; . ( 2 , 6 - (C H 3 ) ;  4-NOg P y -N O );  (b ro w n )  w ere e s tab l ish ed  from 
th ree -d im e n s io n a l  s in g le - c ry s ta l  X -ra y  d a ta .  The v a r io u s  spec tro scop ic  
d a ta  s u g g e s t  th e  following s t r u c t u r e s  fo r  th e  o th e r  com plexes.
C uC 1; . ( 3 -C H 3 4-N O ; Py-N O )
C u B r ; . ( 3 -C H 3 4-N O; Py-N O )
On th e  b as is  of th e i r  te m p e ra tu re  d e p e n d e n t  low m agnetic moments, 
th e  p re s e n c e  of an  H^^N th e i r  e . s . r .  s p e c t r a ,  an d  the  positions of 
c o p p e r -h a l id e  s t r e t c h in g  v ib ra t io n s  in th e i r  f a r - in f r a r e d  s p e c t r a ,  a 
dim eric o x y g en  b r id g e d  s t r u c t u r e  (F ig . 34) is a s s ig n e d  to th e se  
com plexes .
F ig . 34. Assumed s t r u c t u r e  of C u C l ; . ( 3 -C H 3 4-NO; P y -N O ).
CuC 1; . ( 2 -C H 3 4-N O ; Py-N O )
This complex is  a s s ig n e d  a halogen  b r id g e d  dimeric s t r u c t u r e
- 2 2 4 -
(F ig .  35).  I t  is c h a ra c te r i s e d  by i ts  normal, te m p e ra tu re  in d e p e n d e n t  
m agnetic  moment, th e  ab sen ce  of an in i ts  e . s . r .  s p e c tru m ,  and
th e  a p p e a ra n c e  of c o p p e r -c h lo r in e  s t r e t c h in g  v ib ra t io n s  in the  f a r - in f r a r e d  
sp e c tru m  at w avenum bers  s ig n if ican tly  lower th a n  w hat would be 
ex p e c te d  fo r  oxygen  b r id g e d  d im ers .
F ig . 35. Assumed s t r u c t u r e  of C uC lg . ( 2 -C H 3 4-NOg P y -N O ).
CuC1z.(3-CH3 4 -N O 2 P y -N O );  (yellow)
T his  complex is a s s ig n e d  a s t r u c t u r e  in te rm ed ia te  betw een 
d i s to r t e d  c i s - s q u a r e - p l a n a r  and  te t r a h e d r a l  s t r u c t u r e s  (F ig .  36) and  
c o r re s p o n d s  to th e  yellow isom er of p re v io u s ly  re p o r te d  1:2 c o p p e r (11)
F ig .  36 . A ssu m ed  s t r u c t u r e  o f  CUCI2 . (3 -C H ] 4 - N O 2 P y - N 0 ) 2  (y e l lo w )
-2 2 5 -
ch lo r id e  com plexes of p y r id in e  N -o x id es .  I t  is c h a ra c te r i s e d  by  its  
te m p e ra tu r e  in d e p e n d e n t  normal m agnetic mom ent, a re f lec tan ce  sp ec tru m  
w hich  is d i f f e re n t  from th e  s p e c t r a  of o th e r  1:2 complexes th a t  a re  
a s s ig n e d  t r a n s - p l a n a r  geo m etr ie s ,  th e  position of the  co p p e r-ch lo r in e  
s t r e t c h in g  v ib ra t io n  w hich is s ign if ican tly  a t  lower w avenum ber 
th a n  th o se  rev ea led  b y  th e  t r a n s  isom ers ,  and  th e  re la t iv e ly  h igh  g^ 
va lue  in th e  e . s . r .  sp e c tru m  of a pow dered  sample.
C uC l;  . (3-CHg 4 -N O 2 Py-N O ) 2 (o ra n g e )
T his  complex e x h ib i ts  a re f le c ta n c e  sp ec tru m  which is d i f fe re n t  
from th e  s p e c t r a  of th e  com plexes th a t  a re  a ss ig n e d  t r a n s - p la n a r  
s t r u c t u r e s .  I t  is c h a ra c te r i s e d  by  i ts  te m p e ra tu re  in d e p e n d e n t  normal 
m agnetic  moment an d  e x h ib i ts  c o p p e r -c h lo r in e  s t r e tc h in g  v ib ra t io n s  at 
ca .  295 an d  225 cm  ^ w hich a re  in th e  ra n g e  assoc ia ted  with b r id g in g  
c o p p e r -c h lo r in e  b o n d s  in polym eric ch lo ride  b r id g e d  o c tah ed ra l  complexes 
(F ig .  37).
F ig .  3 7 .  A ssu m ed  s t r u c t u r e  o f  C u C l ^ .O - C H ,  4-N O z P y -N O )^  ( o r a n g e )
- 2 2 6 -
C uC lg . ( 2-CHg 4 -N O 2 P y -N O ) 2 
C u B r2 .(2 -C H 3  4-NOz P y -N 0 )2  
C u C l j . ( 2 , 6 - ( CH3 ) j  4 -N O 2 P y -N O ) 2  
C u B r 2 . ( 2 , 6 - ( CH3 ) 2 4 -N O 2 P y -N O ) 2 ( g re e n )  
C u B r2 . (2 ,6 - (C H 3 )2  S-NO; Py-N O )
All th e se  complexes ex h ib i t  te m p e ra tu re  in d e p e n d e n t  normal 
m agnetic  mom ents, th e y  ex h ib i t  co p p e r -c h lo r in e  and  cop p er-b ro m in e  
s t r e t c h in g  v ib ra t io n s  a t  w avenum bers  assoc ia ted  with th e  t r a n s  
s q u a r e - p la n a r  isom ers of p re v io u s ly  r e p o r te d  c o p p e r ( I I )  halide complexes 
of p y r id in e  N -o x id es .  T h ey  all rev ea l  re f le c ta n c e  s p e c t r a  v e ry  similar 
to  th e  s p ec tru m  of CUCI2 . ( 2 , 6 - ( C H 3 ) 2  S-NOg P y -N 0 ) 2  th e  s t r u c t u r e  
of w hich was e s ta b l is h e d  from sing le  X -ra y  c ry s ta l lo g ra p h ic  d a ta .  
T h e re fo re ,  th e s e  com plexes could be a ss ig n e d  d is to r te d  t r a n s - p l a n a r  
s t r u c t u r e s  w ith  u n e q u a l  c o p p e r -h a lo g e n ,  c o p p e r -o x y g e n  bond le n g th s  
an d  w here  th e  ad jacen t  an g le s  a ro u n d  th e  metal ion a re  not equa l .  
T h e re fo re ,  th e  v a r ia t io n s  in th e i r  co lou rs  could be a t t r ib u te d  to  th e  
v a ry in g  d e g re e s  of d is to r t io n  of th is  a r r a n g e m e n t  as  rev ea led  by  the  
e . s . r .  s p e c t r a  of pow dered  sam ples of th e s e  com plexes. S teric  e f fec ts  
an d  p ack in g  r e q u ire m e n ts  a re  th e  main r e a s o n s  fo r  th e i r  d is to r te d  
s t r u c t u r e s .
3 .5 .8 .  G eneral D iscussion
Among all th e  l ig a n d s  s t u d i e d , only 4 -n i t ro  3-picoline N-oxide 
form ed 1:1 dim eric o x y g en  b r id g e d  com plexes with c o p p e r ( I I )  h a l id e s .  
T he  lack  of form ation of o x y g en  b r id g e d  d im ers  with 4 -n i t ro  2 -p ico line-  
N -o x id e ,  3 -n i t ro  2 ,6 - lu t id in e  N -oxide and  4 -n i t ro  2 ,6 - lu t id in e  N-oxide 
could  be exp la ined  if th e  superim position  of s te r ic  fac to rs  n e a r  th e  
d o n o r  s ite  and  th e  e le c tro n -w ith d ra w in g  e ffec t  of th e  n i t ro  g ro u p  
a re  c o n s id e re d .  I t  is r e p o r te d  th a t  bo th  2 , 6 - lu t id in e  N-oxide and  
4 -n i t ro  p y r id in e  N -oxide form th is  ty p e  of complex with c o p p e r ( I I )  
h a l i d e s , t h e r e f o r e  n e i th e r  th e  p re s e n c e  of m ethyl g ro u p s  n e a r  the  
d o n o r  s i te  a lone, n o r  th e  e lec tro n -w ith d ra w in g  e ffec t of th e  n i t ro  g ro u p  
alone could p r e v e n t  th e  form ation of oxygen  b r id g e d  d im ers .  The 
p re s e n c e  of an  e le c t ro n -w ith d ra w in g  n i t ro  g ro u p  on th e  p y r id in e  r in g
- 221 -
will 1 csLill in a sh o r te r  N=0 bond length ,  this will in turn resu lt  
in the fu r th e r  approach of  the methyl  groups  at 2- and 6 -pos i t ion s  to 
the donor  s i te  thus  p r e v e n t in g  the formation of  o x y g e n  br idged dimers.
I he fact that  4 -n it ro  3-pico l ine N-oxide  did not form 1:2 complexes  
with co p p e r (I I )  bromide, and the complex CuBr^. (S-CH^ 4 - N 0 z  Py-NO)  
e x h ib i t s  a magnetic  moment comparable with the moment of  C u B r ^ .
( Py- NO)  means t ha t ,  in th e  ab sen ce  of s te r ic  fac to rs  n e a r  the  dono r  
s i t e ,  n i t ro p y r id in e  N -ox ides  a re  e lec tron ica lly  more su ited  to form 
oxygen  b r id g e d  com plexes than  monomeric com plexes.
In 1 :2  complexes tetrahedral geometry would be most stable 
from strictly electrostatic and steric considerations. Trigonal planar 
sp^ bonding of the N-oxide-oxygen with the copper d^^-yZ orbitals 
implies the existence of N-oxide double bond, moreover if the orientation 
of the pyridine ring is as in CUCI2 . ( 2 , 6 -(CH 3 ) 2 3 -NO2 Py-NO ) 2 , back- 
TT-bonding of d^^or dy^ and d^yOrbitals of the copper ion with the 
empty antibonding orbitals of N-oxide can take place. In CuBr2 . ( 2 , 6 -  
( CH3 ) 2 4 -NO2 Py-NO ) 2 (dark brown), the square-planar structure is |
probably stabilised by the interaction of the nitro group with a 
neighbouring copper ion, because in this complex the tetrahedral 
disposition of the N-oxide-oxygen implies the absence of 11* orbitals, 
moreover the orientation of the ligand will not allow back- ir-bon din g .
The formation of halogen  b r id g e d  com plexes, CUCI2 . ( 2 -C H 3
4 -N O 2 Py-N O ) and  CUCI2 . ( 3 -C H 3 4 -N O 2 P y -N 0 ) 2  ( o r a n g e ) ,  means th a t  
th e se  ligands  a re  b e t t e r  ir -accep to rs  than  a -d o n o rs ,  b r id g in g  p rov id ing  
a means fo r  m ain tain ing  the  e ffec tive  e le c tro n e u t ra l i ty  on the  c e n t ra l  ion. 
2 , 6 -d i s u b s t i t u t e d  l igands  did  not form halogen b r id g e d  complexes due  
to the  b locking  of the  axial pos itions  of the  metal by methyl g ro u p s .
3 .6 .  Cadm ium(II) Complexes
Cadmium(II) being a d^  ^ ion does not show d-d transitions and, 
therefore, information regarding the stereochemistry of cadmium(ll) 
complexes cannot be derived from their visible reflectance spectra.
In order to obtain some information on the stereochemistry of
'2
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Ih e s e  com plexes the  X -ra y  d iffrac tio n  p h o to g ra p h s  of pow dered  
sam ples of CdCl^X Z-CH a 4-NOz Py-N O ) and C d C l j .O -C H a  4 -N O 2 
P y -N O ) 2 com plexes w ere re c o rd e d  and  com pared with th e  d iff rac tion  
p h o to g ra p h s  of C uC l2 . ( 2 -C H 3 4 -N O 2 Py-N O ) and  C uCl2.(3-CH 3 4-NO 
P y -N 0 )2  (yellow and  o ra n g e  iso m e rs) .  The d - s p a c in g s  and  the  
in te n s i t ie s  of th e  b a n d s  in th e  X - ra y  d iffrac tio n  p h o to g ra p h s  of the  
cadmium (II)  com plexes w ere  v e ry  d i f fe re n t  from those  o b se rv e d  fo r  
th e  c o r re s p o n d in g  c o p p e r ( I I )  com plexes meaning th a t  th e  cadm ium (II) 
com plexes a re  not s t r i c t ly  isom orphous with the  c o r re sp o n d in g  c o p p e r ( I I )  
com plexes .
3 .6 .1 .  I n f r a r e d  S p e c t ra  of th e  Complexes
The N -0  s t r e t c h in g  v ib ra t io n s  of th e se  complexes have  sh if ted
to  lower w avenum bers  (T ab le  27) .  Comparison of th e  positions of
N -0  s t r e t c h in g  v ib ra t io n s  w ith  th o se  p r e s e n t  in th e  s p e c t r a  of c o p p e r ( I I )
com plexes of th e  c o r re s p o n d in g  lig an d s  rev ea led  th a t  th e  sh if ts  in
th e s e  b a n d s  in th e  cadmium com plexes a re  smaller th a n  th e  sh if ts
o b s e rv e d  in th e  s p e c t r a  of c o p p e r ( I I )  ch lo ride  com plexes. This
elim inated th e  po ss ib il i ty  of N -oxide b r id g in g  in th e se  com plexes,
b eca u se  b r id g in g  N -oxide o x y g en  implies N -0  s t r e tc h in g  v ib ra t io n s
o c c u r r s  a t  lower f r e q u e n c ie s .  The sm aller s h i f ts  in th e se  v ib ra t io n s
in th e  cadm ium (II)  com plexes also means th a t  C d -0  bonds  a re
w eak e r  th a n  C u - 0  b o n d s .  A ccord ing ly  th e  s to ich iom etries  of th e
cadm ium (II)  com plexes could  be a ssoc ia ted  with th e  s t ro n g  competition
of th e  ch lo ride  ion fo r  a coord ina tion  s i te .  T h u s ,  no more th a n  two
lig an d s  p e r  metal ion could  be rea l ised  w ith  4 -n i t ro  p y r id in e  N-oxide
an d  4 -n i t ro  3-p icoline N -ox ide ,  and  in fac t with th e  o th e r  ligands
con ta in in g  one o r  two m ethyl g ro u p s  n e a r  th e  coord ina tion  s i te ,  only
one was c o o rd in a te d .  T h ese  o b se rv a t io n s  ce r ta in ly  accord  with th e
l i t e r a tu r e  on th e  cadm ium (II)  ion , which g en e ra lly  p r e f e r s  halide ion
215coord ina tion  to  coord ina tion  by  weak m onodentate  oxygen  d o n o rs .
As in th e  s p e c t r a  of th e  c o p p e r ( I I )  com plexes, th e  C -N 0 2 g y ^ ^
an d  C-N O , v ib ra t io n s  have  sh if te d  to h ig h e r  w avenum bers ,^asymm.
th e re fo re  as  d is c u s s e d  p re v io u s ly ,  e i th e r  some in te rac t io n  betw een 
th e  o x y g e n s  be long ing  to  a n ito  g ro u p  with a n e ig h b o u rin g  cadmium 
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The low f r e q u e n c y  in f r a r e d  s p e c t r a  of all cadmium(II)  chlor ide 
complexes  of th e  l igands  s tu d ie d  did  not  show an y  new b a n d s  in the  
reg ion  260 -  600 cm . E i th e r  a v e r y  broad  band  o r  v e r y  closely spaced  
b a n d s  a p p e a r e d  in th e  reg ion  190 -  260 cm ^ . These  b a n d s  may e i th e r  
be du e  to C d - 0  s t r e t c h i n g  v ib ra t io n s  o r  d u e  to te rminal  Cd-Cl s t r e t c h in g  
v ib r a t io n s  o r  a combination of bo th  modes (F ig s .  38 ,39) .  Schmauss  & 
S p e c k e r  h av e  s tu d ie d  a s e r ie s  of cadmium(II)  hal ide  complexes with a 
r a n g e  of s u b s t i t u t e d  p y r id in e  N-oxides  and  o b s e rv e d  th a t  th e  f r e q u e n c i e s  
of Cd-C l  s t r e t c h i n g  v ib r a t io n s  fall with th e  s te r ic  h in d ra n c e  n e a r  the  
d o n o r  si te  of th e  l i g a n d s ,  an d  have  a s s ig n ed  th e  C d - 0  s t r e t c h in g  v ib ra t ion
to a b an d  at  242 cm  ^ fo r  th e  Cd .01^. ( 2 ,6 - ( C H ) ) _  Py-NO) complex.
215 ° ^Ahuja & Ras tog i  h a v e  also s tu d ie d  a s e r ie s  of s u b s t i t u t e d  p y r id ine
N -ox ide  complexes of cadm ium (l l )  ch loride  and  a s s ig n e d  th e  smallest
C d - 0  s t r e t c h i n g  f r e q u e n c i e s  at  288, 282 cm  ^ to C d B r 2 . ( 4 -cy  Py-NO) g ,
which  con ta ins  th e  e lec t ron  w i thdraw ing  CN g ro u p  on the  p y r id ine
r i n g .  T h e r e f o re ,  t h e  b a n d s  in the  reg ion  190 -  260 cm  ^ a r e  expec ted
to  con ta in  th e  C d - 0  s t r e t c h i n g  f r e q u e n c i e s ,  beca use  all t h e  l igands
s tu d i e d  in th i s  work  conta in  an e lec t ron  w i thd raw ing  n i t ro  g r o u p ,
an d  t h r e e  of them, namely 4 -n i t r o  2-picoline N-ox ide ,  4 -n i t r o  2 ,6 -
lu t id ine  N -ox ide ,  an d  3 - n i t r o  2 ,6 - lu t id in e  N-ox ide conta in  one o r  two
methy l  g r o u p s  n e a r  th e  don o r  s i te .  I t  is v e r y  un like ly  th a t  the
o c c u r r e n c e  of C d - 0  s t r e t c h i n g  v ib ra t ions  at  lower f r e q u e n c y  reg ions
is d u e  to  b r id g i n g  N -ox ide ,  beca use  as mentioned ea r l i e r ,  t h e  o b s e rv e d
N - 0  s t r e t c h i n g  f r e q u e n c y  s h i f t s  to lower w avenum bers  a r e  much smaller
in t h e  s p e c t r a  of th e  cadmium(II)  complexes t h a n  in th e  s p e c t r a  of
c o p p e r ( I I )  complexes  con ta in ing  a te rminal  N-oxide bonded  l igand .
In cadmium(II )  ch lo r ide  complexes ,  Cd-Cl s t r e t c h i n g  v ib ra t ions  
fo r  te rminal  ch lor ide  ions a r e  ex p e c te d  at  -250 -  200 cm The
-1f r e q u e n c y  of a b r id g i n g  meta l-ha logen  v ib ra t ion  is u sua l ly  -7 0  cm
251-254lower th a n  th e  c o r r e s p o n d in g  terminal  metal -ha logen  modes.
The  p r e s e n c e  of C d - 0  s t r e t c h i n g  v ib ra t ions  in th e  reg ion  260 -190 cm 
made th e  de tec t ion  of  v ib ra t io n s  c o r r e s p o n d in g  to te rminal  Cd-Cl 
modes d i f f icu l t .  A cco rd ing ly ,  th e  p r e s e n c e  of  te rminal  ch lorines  
in t h e s e  complexes  could on ly  be i n f e r r e d  from th e  a p p e a ra n c e  of 
mult iple b a n d s  in th e  reg ion  260 -  190 c m ~ ]  Due to the  lower f r e q u e n c y  
limit of th e  s p e c t r o m e te r  be ing  at  -180 cm,^ th e  v ib ra t io n s  co r r e s p o n d in g  
to b r id g i n g  c h l o r i n e s  could not  be d e t e c te d .
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3 . 6 . 2 .  Raman S p ec t ra  of th e  Complexes
The scope of prac t ica l  applicat ion  of  Raman s p ec t ro s co p y  is 
limited by  the  fact  th a t  the  sp e c t ru m  of only colour less  s u b s t a n c e s  
can  be r e c o r d e d .  The  1:2 complexes  and  all t h e  l i gands  s tu d ie d ,  excep t  
4 - n i t r o  2 ,6 - lu t id in e  N-oxide had  co lours  r a n g in g  from pale to b r i g h t  
yel low; hence  t h e y  were  not  su i ta b le  to be s tu d ie d  by  Raman s p e c t r o s -  
c o p y . The  s p e c t r a  of the  1:1 complexes an d  4 - n i t r o  2 ,6 - lu t id in e  N-oxide 
could  be r e c o rd e d  beca use  all t h e s e  compounds  were white.
The b ro ad  band  p r e s e n t  in t h e  reg ion  260 -  190 cm~^ in the
in f r a r e d  s p e c t r a  of t h e s e  complexes  also a p p e a r e d  in t h e i r  Raman s p e c t r a .
Comparison of  th e  sp e c t ru m  of 4 -n i t r o  2 ,6 - lu t id in e  N-oxide with the
s p e c t r u m  of CdCl2 . ( 2 ,6 - (C H 3  ) 2 4 -N O 2 Py-NO) confirmed th a t  no new
b a n d s  above  260 cm  ^ were p r e s e n t  in th e  s p ec t ru m  of the  cadmium
complex (F igs .  40, 41) .  In  a d d i t io n ,  Raman s p e c t r a  of  th e s e  complexes
-1
re v e a le d  a ban d  a t  -130 cm (F igs .  41,  42) which could be a s s igned  
to  b r id g i n g  ch lo r ines .
3 . 6 . 3 .  Conc lusions
With th e  limited da t a  available on th e s e  complexes no def in i te
s t r u c t u r e  could be a s s ig n e d .  However ,  th e  a p p e a ra n c e  of  a band
a t  -130  cm  ^ and  t h e  mul t ip l ici ty of  th e  b a n d s  in th e  reg ion  260 -  190 cm ^
in t h e  i n f r a r e d  an d  Raman s p e c t r a  of 1:1 complexes mean th a t  both
b r id g i n g  an d  terminal  ch lo r ines  a r e  p r e s e n t  in t h e s e  complexes.  A ccord ing ly ,
n
in ag ree m en t  with Schmauss  e t  al .  dimeric t e t r a h e d r a l  c h l o r id e -b r id g e d  
s t r u c t u r e s  could te n ta t i v e ly  be a s s ig n e d  to all 1:1 cadraium(II)  hal ide 
complexes .  In th e  case  of  1:2  complexes th e  p r e s e n c e  of b r id g in g  
ch lo r ines  could no t  be d e t e c t e d  with th e  spec t ro scop ic  da ta  avai lable ;  
h o w e v e r  as th e  C d - 0  s t r e t c h i n g  v ib ra t io n s  in t h e s e  complexes a b s o r b  
in t h e  same reg ion  as  t h e  1:1 complexes  it is v e r y  l ikely t h a t  th e s e  
complexes as  well conta in  ch loride  b r i d g e s .  T h e r e f o re ,  pen tacoo rd ina te  
dimeric  h a l o g e n -b r id g e d  s t r u c t u r e s  could t e n ta t iv e ly  b y  a s s ig n e d  to 
t h e s e  complexes .
The  fact  t h a t  only  4 - n i t r o  p y r id in e  N-oxide  and  4 -n i t r o  3-picoline 
N-oxide  formed 1:2 complexes  an d  all t h e  o t h e r  l i gands  gave  only  1:1 
c o m p lex es , even  in t h e  p r e s e n c e  of  e x c e ss  l igand d u r i n g  t h e i r  p r e p a r a t i o n s  >
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means  t h a t  s t e r i c  h in d r a n c e  n e a r  the  don o r  si te  is the  main fac to r  
to  de te rm in e  th e  s to ich iom etry  of the  cadmium complexes ,  w h e reas ,  
t h e  p r e s e n c e  of t h e  n i t r o  g r o u p  on th e  p y r id in e  r in g  is re spons ib le  
fo r  th e  w e a k e r  C d - 0  b o n d s  in t h e s e  complexes ,  because  CdClg . ( 4 -N O 2 
Py-N O )  an d  C d C lg . ( 4 -N O 2 Py-NO ) % did  not  show C d - 0  s t r e t c h in g  
v ib r a t i o n s  at  w a v e n u m b e rs  h i g h e r  t h a n  th e  o t h e r  complexes contain ing  
methy l  s u b s t i t u t e d  l i g a n d s .
- 2 3 8 -
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